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INTRODUCTION
The human body has an outstanding ability to store an extremely large energy reserve in the
form of fat. Even within a lean adult, enough energy is stored in their fat to complete more
than 25 marathon races! Of the three main types of energy rich food components--protein,
carbohydrates, and fat--the question arises as to why of these three forms of potential energy,
the body prefers to store the large majority of its energy as fat. The simplest answer is that fat
packs in the most amount of energy per unit of storage space and per unit of weight, and costs
the least amount of energy to put into storage.
As most health conscious people are well aware, dietary fat contains more energy per gram
than carbohydrates and protein. When fat is stored in the body, it retains this energetic
advantage. Every gram of fat in the body’s storage can be broken down to supply over two
times as much energy as one gram of protein or carbohydrate. The storage of carbohydrate
becomes even less advantageous due to its need to be bound to a considerable amount of
water to be stored. One gram of carbohydrate must be bound to 3 or 4 grams of water when
stored. This extra water weight makes every gram of fat to contain at least ten times more
energy than a gram of carbohydrate that is bound to water. Thus, for a given amount of
weight, fat can provide two times as much energy as protein and ten times more energy than
carbohydrates. This means that if animals had to carry all their energy in the form of
carbohydrate, they would be much heavier due to the extra water weight. They would also be
much larger. Since fat is not bound to water when it is stored, it can be more densely packed
so that it takes up less space as well. Fat does not cost much to put into storage either.
Humans, as well as other animals, have evolved to be able to absorb and metabolize fat as
efficiently as possible, with the least amount of energy input, so as to make full use of fat’s
supply of energy. This makes fat storage a very profitable investment, and underlies the
universal use of fat as the main form of energy storage throughout the animal kingdom. Most
animals can and will convert proteins and carbohydrates into fats for storage. When it comes
to energy storage, evolution favored the use of fat!
Besides serving as the main form of stored energy, fat is used to synthesize hormones and the
signaling molecules formally known as “eicosanoids” that function in complex networks of
control throughout the body, helping to regulate such things as blood pressure, inflammatory
and immune responses. Fats also affect the structure and function of cells by acting as major
components of the outer layer of cells that forms cellular membranes. The body’s fat stores
provide insulation from temperature fluctuations, act as extra protective padding, and serve as
a depot for fat soluble vitamins that can be mobilized and released into the blood for use by
other tissues when needed. In light of the many important roles played by fat, it is apparent
that an adequate intake of fat, followed by proper digestion and assimilation, is absolutely vital
for the body to maintain normal functions. In fact, it is so important that various positive
feedback mechanisms within the body may have evolved to promote the adequate
consumption of fat, acting to reward its ingestion.

5

In order for the body to promote a sufficient intake of fat and reward its ingestion, the body
must be able to sense when fat has been consumed. Fatty acids are detected by the taste buds
in the mouth, of course, but may also be ‘tasted’ in areas beyond the mouth. Fat is sensed in
areas throughout the digestive tract and in a wide array of other tissues and organs that all may
sense fat through the same exact mechanisms with which fat is tasted in the mouth. More
specifically, the same proteins involved in the detection of fat by oral taste receptor cells are
present on cells in the intestine, pancreas, adipose (fat) tissue, skeletal muscle, liver, heart and
brain. Besides sensing the presence of fat, these proteins may also initiate the release of
hormones linked to appetite that may have downstream effects on food intake.
Within the mouth, the taste of fat stimulates activity within the digestive tract and beyond to
areas throughout the body. Thus far, the sensation of fat within the mouth is known to initiate
the secretion of digestive enzymes that will break down the fat, the movement of the intestines
and its contents, the mobilization of lipids stored in the cells lining the intestine into the blood
for further metabolism, the release of hormones involved in energy balance and satiety cues,
and a change in the uptake of fat by tissues. All together, these events function to prepare the
body for the incoming fat so that it may be efficiently digested, absorbed, and metabolized,
while also acting to sense and communicate the body’s nutrition and energy status by altering
appetite signals. Once adequate levels of fat intake have been reached and the body has
reached a state of energetic balance, the taste of fat may no longer be quite as stimulating as it
is when the body has been deprived of proper nutrition and energy. Interestingly, the
sensation of fat varies between humans, and in rats, the response to the detection of fat has
been shown to differ between obese and normal weight rats.

EVOLUTION OF FATTY ACID
IN SEARCH OF THE OPTIMAL N-3:6 RATIO
“In the current US diet, the ratio of n 6 to n 3 PUFAs has risen to 10:1 (112), whereas the ratio in
hunter-gatherer diets predominant in wild animal foods (20, 21) has been estimated to be
between 2:1 and 3:1 (11, 111).” (Cordain et al. 2005).

Table 1. Omega-6/omega-3 ratios in various populations. (Simopoulos, A.P. 2004)
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“Several sources of information suggest that human beings evolved on a diet with a ratio of
omega-6 to omega-3 essential fatty acids (EFA) of 1 whereas in Western diets the ratio is 15/1–
16.7/1…Excessive amounts of omega-6 polyunsaturated fatty acids (PUFA) and a very high
omega-6/omega-3 ratio, as is found in today’s Western diets, promote the pathogenesis of
many diseases, including cardiovascular disease, cancer, and inflammatory and autoimmune
diseases, whereas increased levels of omega-3
PUFA (a lower omega-6/omega-3 ratio), exert suppressive effects. In the secondary prevention
of cardiovascular disease, a ratio of 4/1 was associated with a 70% decrease in total mortality. A
ratio of 2.5/1 reduced rectal cell proliferation in patients with colorectal cancer, whereas a ratio
of 4/1 with the same amount of omega-3 PUFA had no effect. The lower omega-6/omega-3
ratio in women with breast cancer was associated with decreased risk. A ratio of 2-3/1
suppressed inflammation in patients with rheumatoid arthritis, and a ratio of 5/1 had a
beneficial effect on patients with asthma, whereas a ratio of 10/1 had adverse consequences.
These studies indicate that the optimal ratio may vary with the disease under consideration.”
(Simopoulos, A.P. 2004).
“…the dominant polyunsaturated fatty acid in the Western world, linoleic acid (18:2 omega-6),
appeared in low amounts. It is only found in the plant kingdom, but since oil was not extracted
from plants, the total intake during human evolution was very low. The ratio between omega-6
and omega-3 fatty acids probably lay somewhere below 2, considerably lower than is currently
the case. However, the addition of most nuts raises the ratio drastically…The fat composition
is drastically different between different oils. Compared with rapeseed oil (canola oil),
sunflower oil has 3.5 times more linoleic acid, but only 1/20th as much omega-3 fatty acid,
which means that the omega-6/omega-3 ratio is 70 times higher. Fish is the food that most
effectively reduces the omega-6/omega-3 ratios. The more the fat in the fish, the lower the
ratio in the meal. But even lean fish, such as cod, contributes to a low ratio, unless it is changed
by the cooking method, which is often the case. Human prey animals during the Paleolithic did
not generally include animals specialized on seed-eating, which meant that the meat had a low
omega-6/omega-3 ratio (around 2) compared with current domestic cattle (ratio 5-10)…animals
that are raised on grain-based feeds have a high omega-6/omega-3 ratio, around 7-15 for
poultry, and 5-10 for other domesticated animals. Meat from free-ranging cattle (browsers
7

feeding on high-growing vegetation and grazers feeding on grass) have the same ratio as wild
game, provided they are not finished off with grain.” (Lindeberg 2009).
“The preagricultural essential fatty acid ratio (ω6:ω3) approached equality; for average
Americans this ratio is 10:1 or higher.” (Eaton & Eaton III 2000).
“Whereas major changes have taken place in our diet over the past 10,000 years since the
beginning of the Agricultural Revolution, our genes have not changed significantly. The
spontaneous mutation rate for nuclear DNA is estimated at 0.5% per million years. Therefore,
over the past 10,000 years there has been time for very little change in our genes, perhaps
0.005%. In fact, our genes today are very similar to the genes of our ancestors during the
Paleolithic period 40,000 years ago, at which time our genetic profile was established (Eaton
and Konner, 1985).” (Simopoulos, A.P. 2004).
“Extensive studies on the traditional diet of Greece (the diet prior to 1960) indicate that the
dietary pattern of Greeks consisted of a high intake of fruits, vegetables (particularly wild
plants), legumes, nuts, cereals mostly in the form of sourdough bread rather than pasta, more
olive oil and olives, less milk but more cheese, more fish, less meat, and moderate amounts of
wine, more so than other Mediterranean countries (Simopoulos and Sidossis, 2000). Most
important, because of consumption of wild plants, and eggs and meat from grazing poultry and
animals, the omega-3 fatty acids were found throughout the food chain, giving an omega6:omega-3 ratio of 1–2:1, similar to the ratio of the Paleolithic diet.” (Simopoulos, A.P. 2004).
“The Lyon Heart Study based on a modified diet of Crete has clearly shown that the diet of
Crete could decrease the death rate from coronary artery disease by 70% and is a diet that can
be easily adapted to the French population and possibly other populations as well. The Lyon
Heart Study was a dietary intervention study in which a modified diet of Crete (the
experimental diet) was compared with the prudent diet or Step I American Heart Association
Diet (the control diet) (de Lorgeril and Salen, 2000; de Lorgeril et al., 1994; Renaud et al., 1995).
The experimental diet provided a ratio of linoleic acid (LA) to alpha-linolenic acid (ALA) of 4/1.
This ratio was achieved by substituting olive oil and canola (oil) margarine for corn oil. Because
olive oil is low and corn oil is high in LA, 8% and 61% respectively, the ALA incorporation into
cell membranes was increased. Cleland et al. (1992) showed that olive oil increases the
incorporation of omega-3 fatty acids, whereas the LA from corn oil competes. The ratio of 4/1
of LA/ALA led to a 70% decrease in total mortality at the end of 2 years (de Lorgeril et al.,
1994).” (Simopoulos, A.P. 2004).
“Several sources of information suggest that human beings evolved on a diet with a ratio of
omega-6 to omega-3 essential fatty acids (EFA) of 1:1 whereas in Western diets the ratio is
15/1– 16.7/1. Western diets are deficient in omega-3 fatty acids, and have excessive amounts
of omega-6 fatty acids compared with the diet on which human beings evolved and their
genetic patterns were established. Excessive amounts of omega-6 polyunsaturated fatty acids
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(PUFA) and a very high omega-6/omega-3 ratio, as is found in today’s Western diets, promote
the pathogenesis of many diseases, including cardiovascular disease, cancer, and inflammatory
and autoimmune diseases, whereas increased levels of omega-3 PUFA (a lower omega-6/
omega-3 ratio), exert suppressive effects.” (Simopoulos, A.P. 2008).
“During evolution, omega-3 fatty acids were found in all foods consumed: meat, wild plants,
eggs, fish, nuts and berries (29–38)....However, rapid dietary changes over short periods of time
as have occurred over the past 100–150 yr is a totally new phenomenon in human evolution
(13, 15, 41– 43) (Table 6).” (Simopoulos, A.P. 2008).
“On the basis of estimates from studies in Paleolithic nutrition and modern-day hunter-gatherer
populations, it appears that human beings evolved consuming a diet that was much lower in
saturated fatty acids than is today's diet (21). Furthermore, the diet contained small and
roughly equal amounts of n−6 and n−3 PUFAs (ratio of 1–2:1) and much lower amounts of trans
fatty acids than does today's diet (Figure 1)⇓ (21, 22). The current Western diet is very high in
n−6 fatty acids (the ratio of n−6 to n−3 fatty acids is 20–30:1) because of the indiscriminate
recommendation to substitute n−6 fatty acids for saturated fats to lower serum cholesterol
concentrations (23). Intake of n−3 fatty acids is much lower today because of the decrease in
fish consumption and the industrial production of animal feeds rich in grains containing n−6
fatty acids, leading to production of meat rich in n−6 and poor in n−3 fatty acids (24). The same
is true for cultured fish (25) and eggs (26). Even cultivated vegetables contain fewer n−3 fatty
acids than do plants in the wild (27, 28). In summary, modern agriculture, with its emphasis on
production, has decreased the n−3 fatty acid content in many foods: green leafy vegetables,
animal meats, eggs, and even fish.” (Simopoulos, A.P.).
“Some medical research suggests that excessive levels of certain omega−6 fatty acids relative to
certain omega-3 fatty acids may increase the probability of a number of diseases.[11][12][13]
Modern Western diets typically have ratios of omega−6 to omega−3 in excess of 10 to 1, some
as high as 30 to 1; the average ratio of omega-6 to omega-3 in the Western diet is 15/1–
16.7/1.[10] Humans are thought to have evolved with a diet of a 1-to-1 ratio of omega-6 to
omega-3 and the optimal ratio is thought to be 4 to 1 or lower,[10][14] and it is even better if
there is more omega−3 than omega−6 (especially healthy ratio of omega−6 to omega−3 is from
1:1 to 1:4)...Excess omega−6 fatty acids from vegetable oils interfere with the health benefits of
omega−3 fats, in part because they compete for the same rate-limiting enzymes. A high
proportion of omega−6 to omega−3 fat in the diet shifts the physiological state in the tissues
toward the pathogenesis of many diseases: prothrombotic, proinflammatory and
proconstrictive.[16]
Chronic excessive production of omega−6 eicosanoids is correlated with arthritis, inflammation,
and cancer...A high consumption of oxidized polyunsaturated fatty acids (PUFAs), which are
found in most types of vegetable oil, may increase the likelihood that postmenopausal women
will develop breast cancer.” (Wikipedia, the free encyclopedia. “Omega-6 fatty acid.”).
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“Medical research on humans found a correlation (correlation does not imply causation)
between the high intake of omega-6 fatty acids from vegetable oils and disease in humans.
However, biochemistry research has concluded that air pollution, smoking, second-hand
smoke, lipid peroxidation products (found mainly in vegetable oils, roasted nuts and roasted
oily seeds) and other exogenous toxins initiate the inflammatory response in the cells which
leads to the expression of the COX-2 enzyme and subsequently to the production of
inflammatory promoting prostaglandins from arachidonic acid for the purpose of alerting the
immune system of the cell damage and eventually to the production of anti-inflammatory
molecules (e.g. lipoxins & prostacyclin) during the resolution phase of inflammation, after the
cell damage has been repaired.[3][4][5][6][7][8][9] Therefore even though Omega 6 fatty acids
do not cause inflammation, their high intake in conjunction with the continuous daily exposures
to exogenous toxins will continuously initiate/promote the inflammatory response, prevent cell
repair and eventually lead to disease.” (Wikipedia, the free online encyclopedia. “Omega-6 fatty
acid.”).
“Human beings evolved consuming a diet that contained about equal amounts of n−3 and n−6
essential fatty acids. Over the past 100–150 y there has been an enormous increase in the
consumption of n−6 fatty acids due to the increased intake of vegetable oils from corn,
sunflower seeds, safflower seeds, cottonseed, and soybeans. Today, in Western diets, the ratio
of n−6 to n−3 fatty acids ranges from ≈20–30:1 instead of the traditional range of 1–2:1. Studies
indicate that a high intake of n−6 fatty acids shifts the physiologic state to one that is
prothrombotic and proaggregatory, characterized by increases in blood viscosity, vasospasm,
and vasoconstriction and decreases in bleeding time. n−3 Fatty acids, however, have
antiinflammatory, antithrombotic, antiarrhythmic, hypolipidemic, and vasodilatory properties.
These beneficial effects of n−3 fatty acids have been shown in the secondary prevention of
coronary heart disease, hypertension, type 2 diabetes, and, in some patients with renal disease,
rheumatoid arthritis, ulcerative colitis, Crohn disease, and chronic obstructive pulmonary
disease.” (Simopoulos, A.P.).
“Because of the competition between the two families of PUFAs, deficiency of n-3 PUFA is
commonly induced by an excess of dietary linoleate. Hence, discussion of the requirements for
linoleate and alpha-linolenate has focused on their ratio in the diet....In most affluent countries,
this ratio remains much higher, at about 20:1 (n-6:n-3), and has been implicated in subclinical
deficiency of n-3 polyunsaturates.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p.
113).
“The conversion of cell membrane arachidonic acid (20:4n-6) to omega-6 prostaglandin and
omega-6 leukotriene eicosanoids during the inflammatory cascade provides many targets for
pharmaceutical drugs to impede the inflammatory process in atherosclerosis,[10] asthma,
arthritis, vascular disease, thrombosis, immune-inflammatory processes, and tumor
proliferation. Competitive interactions with the omega-3 fatty acids affect the relative storage,
mobilization, conversion and action of the omega-3 and omega-6 eicosanoid precursors (see
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Essential fatty acid interactions).” (Wikipedia, the free online encyclopedia. “Omega-6 fatty
acid.”).
“The essential fatty acid a-linolenic acid (18:3n-3, a- LNA) is the predominant n-3 fatty acid in
the Western diet. Estimated a-LNA consumption is approximately 1.5 g per day, which is about
10-fold lower than linoleic acid (18:2n-6), the equivalent n-6 essential fatty acid [1,2].” (Burdge,
Graham p. 137).
“If alpha-linolenic acid is lacking in the diet or if there is a large amount of linoleic acid present,
EPA production will become elevated and little or no DHA will be produced. If both essential
fatty acids are lacking, C20:3n-9 will accumulate. Inhibition of arachidonic acid and DHA
production achieved through high levels of linoleic acid or essential fatty acid deficiency may be
undesirable, based on the metabolic functions of these compounds and their roles in disease
onset and progression. Beginning in the 1920s, the levels of linoleic acid in the Western diet
have been increasing and the levels of alpha-linolenic acid have been decreasing. Estimates of
the current ratio of linoleic to alpha-linolenic acid in North America range from 9.8:1 to 15:1 to
30:1. A ratio of 2:1 to 5:1 is currently recommended, with the World Health Organization
(WHO, 1994) recommended level at 5:1 to 10:1.” (Erdman, J.W.; MacDonald, I.A.; Zeisel, S.H. p.
140).
“Because of the increased amounts of omega-6 fatty acids in the Western diet, the eicosanoid
metabolic products from AA, specifically prostaglandins, thromboxanes, leukotrienes, hydroxy
fatty acids, and lipoxins, are formed in larger quantities than those formed from omega-3 fatty
acids, specifically EPA (8). The eicosanoids from AA are biologically active in very small
quantities and, if they are formed in large amounts, they contribute to the formation of
thrombus and atheromas; to allergic and inflammatory disorders, particularly in susceptible
people; and to proliferation of cells. Thus, a diet rich in omega-6 fatty acids shifts the
physiological state to one that is prothrombotic and proaggregatory, with increases in blood
viscosity, vasospasm, and vasocontriction and decreases in bleeding time.” (Simopoulos, A.P.
2008).
“Increased dietary intake of LA leads to oxidation of LDL, platelet aggregation, and interferes
with the incorporation of EPA and DHA in cell membrane phospholipids.” (Simopoulos, A.P.
2008).
“Dietary patterns have changed over time and in many developed nations consumption of n-6
fatty acids has risen dramatically. According to Simopoulos, in the past, the ratio of n-6 to n-3
essential fatty acids was 1 : 1. However, in the modern Western diet the ratio is approximately
15 : 1. The n-6 and n-3 fatty acids are metabolized by the same set of enzymes to their
respective long chain metabolites. The competition for these enzymes between the omega 6
and omega 3 as well as between EFAs and other fatty acids has been known since 1966. It has
been shown that when ALA intake in the diet is increased, an increased proportion of both ALA

11

and EPA is found consistently in both plasma and cell lipids. In addition, it is thought that a
higher relative intake of n-6 fatty acids increases production of arachidonic acid (20:4n-6),
which in turn is used to produce pro-thrombotic and pro- inflammatory n-6 metabolites.
Metabolites of n-3 origin are anti-inflammatory and anti-arrhythmic. A high n-6 : n-3 ratio is
thought to promote the pathogenesis of many diseases, including cardiovascular disease,
cancer, osteoporosis, and inflammatory and autoimmune diseases.” (Stark, A.H.; Crawford,
M.A.; Reifen, R.).
“We used the fat-1 transgenic model to investigate the role of tissue n-6/n-3 fatty acid ratio in
the development of atherosclerosis. Our results demonstrate that a decreased tissue n-6/n-3
fatty acid ratio notably reduced the atherosclerotic lesions in the aorta of apoE−/− mice fed a
Western-type diet. This protection against atherosclerosis correlated with reduced expression
of proinflammatory cytokines, chemokines, and adhesion molecules in aortas and circulating
monocytes; and decreased NF-κB expression and recruitment of macrophages into
atherosclerotic plaques. These findings suggest that a low tissue ratio of n-6/n-3 fatty acids is
protective against atherosclerosis in apoE−/− mice by reducing inflammation both systemically
and within the arterial wall, independent of a lipid-lowering effect...All together, a decreased
tissue n-6/n-3 fatty acid ratio appears to inhibit vascular inflammation via multiple mechanisms
during atherosclerosis. The observation that the conversion of n-6 PUFAs to n-3 PUFAs leads to
a reduction in vascular inflammation and plaque formation in apoE−/− mice supports the notion
that the effects of n-6 and n-3 PUFAs in atherosclerosis are differential or opposing.
In conclusion, to our knowledge, this is the first study to provide direct evidence for the role of
tissue n-6/n-3 ratio in atherosclerosis using the fat-1 transgenic mice model. The decreased n6/n-3 fatty acid ratio reduced atherosclerotic lesions in apoE−/− mice, likely because of the antiinflammatory effects of n-3 fatty acids rather than a lipid-lowering effect. Our findings provide
new insights into the role of tissue n-6/n-3 fatty acid ratio in the development of
atherosclerosis.” (Wan, Jian-Bo et. al.).
“Although vegetarian diets are generally lower in total fat, saturated fat, and cholesterol than
are nonvegetarian diets, they provide comparable levels of essential fatty acids. Vegetarian,
especially vegan, diets are relatively low in α-linolenic acid (ALA) compared with linoleic acid
(LA) and provide little, if any, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA).
Clinical studies suggest that tissue levels of long-chain n−3 fatty acids are depressed in
vegetarians, particularly in vegans. n−3 Fatty acids have numerous physiologic benefits,
including potent cardioprotective effects....Thus, total n−3 requirements may be higher for
vegetarians than for nonvegetarians, as vegetarians must rely on conversion of ALA to EPA and
DHA. Because of the beneficial effects of n−3 fatty acids, it is recommended that vegetarians
make dietary changes to optimize n−3 fatty acid status.” (Davis, B.C.; Kris-Etherton, P.M.).

N-3:6 Ratio In Great Ape Diets
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In the end, the gorillas are estimated to consume only slightly more linoleic acid (an omega-6
fatty acid) than alpha-linolenic acid (an omega-3 fatty acid) with a ratio between the two
(LA:ALA) equaling out to 1.44.
N-3:6 In The Food Chain

“Agribusiness contributed further to the decrease in omega-3 fatty acids in animal carcasses.
Wild animals and birds who feed on wild plants are very lean with a carcass fat content of only
3.9% and contain about five times more PUFAs per gram than is found in domestic livestock.
Most importantly, 4% of the fat of wild animals contains eicosapentaenoic acid (EPA)…In
addition to animal meats mentioned above, green leafy vegetables, eggs and even fish contain
less omega-3 fatty acids than those in the wild. Foods from edible wild plants contain a good
balance of omega-6 and omega-3 fatty acids. Purslane, an edible wild plant, has 8 times more
alpha-linolenic acid than the cultivated plants, such as spinach, red leaf lettuce or mustard
greens. Modern aquaculture produces fish that contain less omega-3 fatty acids than do fish
grown naturally in the ocean, rivers and lakes. The fatty acid composition of egg yolk from freeranging chicken in the Ampelistra farm in Greece has an omega-6/omega-3 ratio of 1.3 whereas
the USDA egg has a ratio of 19.9. By enriching the chicken feed with fishmeal or flax, the ratio
of omega-6/omega-3 decreased to 6.6 and 1.6, respectively…During evolution, omega-3 fatty
acids were found in all foods consumed: meat, wild plants, eggs, fish, nuts and berries.”
(Simopoulos 2003).
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Table 2. Disappearance Of Vegetable Oils (In Million Kilograms) In The United States In 1986 And 1996

Table 3. Omega 6 And Omega 3 Fatty Acid Ratios In Various Fish
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ANCESTRAL SFA: MUFA: PUFA INTAKE
“Before the Neolithic period, all animal foods consumed by hominins were derived from wild
animals. The absolute quantity of fat in wild mammals is dependent on the species body mass –
larger mammals generally maintain greater body fat percent- ages by weight than do smaller
animals. Additionally, body fat percentages in wild mammals typically vary by age and sex and
also seasonally in a cyclic waxing and waning manner with changing availability of food sources
and the photoperiod. Hence, maximal or peak body fat percentages in wild mammals are
15

maintained only for a few months during the course of a year, even for mammals residing at
tropical and southern latitudes. In mammals, storage of excess food energy as fat occurs
primarily as triacylglycerols in subcutaneous and abdominal fat depots. The dominant ( 50% fat
energy) fatty acids in the fat storage depots (adipocytes) of wild mammals are saturated fatty
acids (SFAs), whereas the dominant fatty acids in muscle and all other organ tissues are
polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MUFAs). Because
subcutaneous and abdominal body fat stores are depleted during most of the year in wild
animals, PUFAs and MUFAs ordinarily constitute most of the total carcass fat . MUFAs and
PUFAs are the dominant fats in the edible carcass of caribou for all 12 mo of the year, as
illustrated in Figure 6 (11, 60 – 65). Because of the seasonal cyclic depletion of SFAs and
enrichment of PUFAs and MUFAs, a year-round dietary intake of high amounts of SFAs would
have not been possible for preagricultural hominins preying on wild mammals. Even with
selective butchering by hominins, in which much of the lean muscle meat is discarded, MUFAs
and PUFAs constitute the greatest percentage (50% of energy as fat) of edible fatty acids in the
carcass of wild mammals throughout most of the year (Figure 6).
Beginning with the advent of animal husbandry, it became feasible to prevent or attenuate the
seasonal decline in body fat (and hence in SFAs) by provisioning domesticated animals with
stored plant foods. Furthermore, it became possible to consistently slaughter the animal at
peak body fat percentage. Neolithic advances in food-processing procedures allowed for the
storage of concentrated sources of animal SFAs (cheese, butter, tallow, and salted fatty meats)
for later consumption throughout the year…The 6 major sources of SFAs in the United States
diet are fatty meats, baked goods, cheese, milk, margarine, and butter. Five of these 6 foods
would not have been components of hominin diets before the advent of animal husbandry or
the Industrial Revolution. Because of the inherently lean nature of wild animal tissues
throughout most of the year and the dominance of MUFAs and PUFAs, high dietary levels of
SFAs on a year- round basis (Figure 6) could not have exerted adverse selective pressure on the
hominin genome before the development of ag- riculture.” (Cordain et al. 2005).
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“Ancestral human diets are expected to have varied substantially with regard to saturated fat,
depending on habitat. For populations with 40-50% dependence on meat and/or fish,
saturated fat is estimated to have been 5-15 E%. In addition to the low total fat content in wild
game, there is less saturated fat as proportion of total fat, in comparison with modern
domesticated farm animals. Saturated fatty acids constitute more than 50% of the fat storage
depots of wild mammals, whereas the dominant fatty acids in muscle and all other organ
tissues, including bone marrow, are polyunsaturated and monounsaturated fatty acids. Since
subcutaneous and abdominal body fat stores are depleted during most of the year in wild
animals, polyunsaturated and monounsaturated fatty acids constitute the majority of the total
carcass fat. The intake of saturated fat among shore-based populations was particularly low,
with a high percentage of marine fat from fish and shellfish. The percentage of saturated fat is
low in most nuts. Coconut fat, however, is dominated by saturated fat. The dominant
saturated fatty acids in coconut fat are lauric acid (12:0) and myristic acid (14:0), while the
amount of palmitic acid (16:0), which is the main saturated fatty acid in meat and dairy
products, is low. The presence of coconuts in prehistoric Africa is very uncertain.” (Lindeberg
2009).

HEALTH EFFECTS OF FATTY ACIDS
While fat has long been a much prized and desired entity in the human diet, it is only recently,
in the last fifty years or so in modern day America that fat has been demonized and placed
under the “unhealthy” category suggesting that it should be avoided whenever possible. The
need to vilify fat arose from a widespread fear, edging on the brink of panic, that fat and its
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sidekick cholesterol were the culprits underlying the rising incidence of coronary heart disease
that was sweeping across the nation like wildfire. As more and more seemingly healthy middleaged men were taken victim to the disease, the public outcry became louder and louder until
everyone--the politicians, bureaucrats, the media, and every woman working to feed their
family well--was screaming into the ears of the scientific and medical community, demanding
an answer.
The sad reality was that the scientists and the doctors did not know. No one knew.
Nevertheless, the public’s growing fears necessitated an answer, and quickly. In haste, some of
the nation’s best researchers set to work. Among the prominent scientists who took on the
challenge was Ancel Keys, the scientist who had worked to formulate nutritionally balanced
meals known as “K-rations” that were fed to American soldiers in World War II, and who would
one day be credited with coining and popularizing the now famous “Mediterranean diet.” Keys
received funding to perform the largest and most comprehensive population study of the day
that sought to uncover the cause of the rising occurrence of coronary heart disease in America
through observing the diets of people from other parts of the world who were very rarely
falling victim to the disease. The study, which became widely known as the “Seven Countries
Study,” concluded that coronary heart disease “tended to be related” to serum cholesterol
values and that these in turn “tended to be related” to the proportion of calories obtained from
saturated fats in the diet. Still somewhat tentative about his findings as a good scientist may so
often be, Keys noted that his population based study only revealed relationships that could
serve as potential clues to what might be contributing to the nation’s widespread occurrence of
heart disease, but that did not directly pinpoint the precise causes of coronary heart disease.
He added that other controlled studies that specifically tested for the health consequences of
consuming differing levels of saturated fat and its relation to serum cholesterol and the
incidence of coronary heart disease were needed before it could be concluded that high intakes
of saturated fat, and dietary fat in general, were the underlying cause of America’s impending
heart disease epidemic.
Studies to test Key’s hypothesis that saturated fat and dietary fat were involved in the nation’s
rise in heart disease followed, but were unable to provide the evidence needed to confirm that
saturated fat and dietary fat were to blame. By the late 1970s, the research was still
ambiguous, but the politicians anxious to provide an answer to the people, forced a group of
scientists to take action in the form of dietary guidelines on fat consumption. The guidelines
that are still upheld to this day urged Americans to reduce overall fat consumption to less than
30% of their total energy intake and decrease their saturated fat consumption to 10% or less of
their total energy intake. Not all scientists involved agreed with the final end product, as was
reflected in CBS News’ recording of a conversation from July 1977 between the scientist Dr.
Robert Olson and Senator George McGovern, who served as the chair of the Dietary Committee
at the time:
Dr. Olson said “I pleaded in my report and will plead again orally here for more research on the
problem before we make announcements to the American public.” McGovern replied “Senators
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don’t have the luxury that the research scientist does of waiting until every last shred of
evidence is in.” (Harcombe, Z. et. al.).
At the time in which these guidelines were being formed, the randomized controlled trials,
considered the gold standard for reaching sure conclusions on matters of health, indicated that
while lowering fat and saturated fat intake did indeed result in a decrease in blood cholesterol
levels, it did not result in significant differences in the incidence of coronary heart disease or
mortality for that matter. In fact, no trace of a relationship between dietary fat intake and
deaths from coronary heart disease could be found. To add to the matter, no women had been
included in any of these studies and no randomized controlled trial had even yet tested the
proposed dietary fat recommendations! The results available from the randomized controlled
trials at the time only added up to the observation of 2467 men total, and yet, dietary advice
was made for 220 million Americans that would end up shaping American food habits for the
decades to come.
Thus, it appears that in the search for the culprit underlying America’s impending epidemic of
coronary heart disease, fat was the most believable villain to play the part. After all, it was
saturated fats that were clogging Americans’ arteries, or so it was and is still often mistakenly
believed. Almost overnight with the compelling influence of the politicians, the scientists
involved formulated dietary guidelines for fat intake that instantaneously transformed Ancel
Key’s hypothesis from a theory into a dogma, and in doing so made fat, particularly saturated
fat, into a dangerous dietary entity that was to be consumed as sparingly as possible. With
these guidelines, the message “avoid fat, saturated fat and cholesterol” was delivered and it
was heard loud and clear as Americans across the country threw their butter, lard, eggs, and
beef into the trash, and began filling their refrigerators and pantries with vegetable oil
margarine and shortening, lean meats, egg whites, skim milk, no fat cheese, and every kind of
low fat to no fat carbohydrate snack food imaginable. No fat cookies were in, but the dinner
steak was out!
As much as scientists have continued to try to accrue evidence that supports the simple story
that a high intake of saturated fat and dietary fat raises cholesterol, which in turn increases the
risk of developing coronary heart disease, after decades of research and hundreds of millions of
dollars spent in funding the research, there is still no clear link between total fat, saturated fat
intake, cholesterol and coronary heart disease. Lowering saturated fat intake has still not yet
been shown to lower the incidence of coronary artery disease or all-cause mortality. The fact is
that after more than half a century of research, there is still no evidence that a diet low in
saturated fat prolongs life or is even beneficial for overall health! There is not even any
experimental evidence to support the recommendation to decrease fat consumption to below
30% of total energy intake. In fact, based upon the steady rise in obesity, diabetes and
coronary heart disease in America after these guidelines on fat intake were made, the advice to
decrease total fat intake appears to have failed to achieve any of its goals, potentially leading to
even less desirable outcomes likely due in part to the nationwide switch to higher
carbohydrate, often sugar laden diets in place of fat. However, remarkably, the guidelines that
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were created and introduced to the American public in 1977 have still not been changed, or
even reviewed in spite of many scientists’ strong recommendations to do so.
If the decades of research on fat have revealed anything it is that the basic story that saturated
fats are bad because they raise cholesterol is quite simply, too simple. Saturated fats include a
large number of different fatty acids with varying properties and functions within the body that
are still being defined. The more research that is done on saturated fatty acids, the more
apparent it becomes that they cannot all be clumped together into one category and then
claimed to all have the same allegedly negative effects upon the body. While it is true that
some of the saturated fatty acids (specifically lauric, myristic, and palmitic acids) markedly
increase the amount of cholesterol in the blood, other shorter saturated fatty acids less than 12
carbons in length including caproic, caprylic, and capric acid, and one longer chain fatty acid
stearic acid, a major fatty acid in chocolate, have all been shown to have no significant effects
on cholesterol levels in the blood.
Even more surprising is evidence that the saturated fatty acids that do increase blood
cholesterol (lauric, myristic, and palmitic acids) do so by elevating both LDL, the “bad
cholesterol” that can potentially contribute to the development of heart disease, AND HDL, the
so-called “good cholesterol” that is said to be protective of the heart. The increase in HDL
cholesterol is not small either, revealing the unique ability of these particular saturated fatty
acids to raise HDL to even a much greater degree than is observed with either
monounsaturated or polyunsaturated fatty acids of any kind. The saturated fatty acid most
noted for its cholesterol raising properties, lauric acid, abundant in coconut oil and also present
in human breast milk, is particularly effective at raising the good cholesterol HDL. In an
extensive review from 2003 that collated the results of multiple studies, lauric acid was even
said to have “a more favorable effect on total HDL cholesterol than any other fatty acid,
saturated or unsaturated.” Thus, levels of HDL in the blood have been shown to be significantly
higher after the intake of saturated fatty acids than after the intake of monounsaturated or
polyunsaturated fatty acids. Furthermore, HDL cholesterol levels drop incrementally in
proportion to a reduction in total and saturated fatty acid consumption. It appears to maintain
high levels of the good cholesterol HDL, one has to consume fat, a portion of which should be
saturated.
Reducing total fat intake by following a low fat diet does not actually reduce the bad
cholesterol LDL. Although it may seem counterintuitive, when fat including saturated fat is
restricted and a low fat diet (<20% total energy from fat) is followed the blood lipid profile
actually changes to increase the risk of heart disease in many people. Low fat diets typically
include a very high amount of carbohydrate that serves to take the place of fat, and it is this
extra carbohydrate that has been shown to decrease the good cholesterol HDL, increase the
bad cholesterol LDL and also raise the levels of triglycerides circulating in the blood. More
specifically, a low fat diet has been shown to increase the levels of small, dense LDL cholesterol
in the blood, the form of bad cholesterol most closely associated with increased heart disease
risk. This is in contrast to increased saturated fat intakes that raise LDL as well, but mostly in
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the form of large, buoyant LDL particles that are considered less worrisome in the development
of heart disease. Furthermore, a high carbohydrate, low fat diet has been shown to increase
the time in which lipids are present in the blood after a meal, a factor that has previously been
shown to increase the risk for heart disease.
These effects are more pronounced in some people than others depending upon their own
individual genetic makeup, and have been found to be most apparent when the high
carbohydrate diets are composed of a large amount of refined carbohydrates and sugars
commonly found in processed and fast foods as opposed to the carbohydrates from whole
grains, vegetables, legumes, and fruits. Those people who do experience unfavorable changes
in their blood lipids in response to a high-carbohydrate, low fat diet have been shown to benefit
from low-carbohydrate diets that include a healthy dose of fat. The more carbohydrates,
particularly refined carbohydrates, that replace fat, the more likely it is that these people will
have a blood lipid profile conducive to the development of heart disease. Furthermore, diets
high in refined carbohydrates and sugars have been linked to the metabolic syndrome, a
disorder that is characterized by many other risk factors for heart disease such as obesity and
high blood pressure, and which is associated with a several-fold increase in heart disease risk.
It was estimated in 2001 that as much as 30% of adult males and 10-15% of postmenopausal
women in the U.S. have metabolic syndrome, and these percentages continue to increase.
Considering the unfavorable effects of a high carbohydrate, low fat diet on blood lipid levels,
some scientists have suggested that changing the proportions of the different classes of dietary
fatty acids (saturated, monounsaturated, polyunsaturated) may be more important for altering
blood lipids than restricting the total amount of fat included in the diet. After all, reducing the
total intake of fat without varying the proportions of the different fatty acids in the diet does
not result in any notable changes in blood lipids. As was previously stated, saturated fat is the
most effective of the different fatty acid groups at increasing the good cholesterol HDL, but it
also increases the bad cholesterol LDL. Thus, eaten alone, saturated fat by itself would not be
an ideal fat in the fight against heart disease. However, a diet composed solely of saturated
fatty acids would be impossible to consume as all fatty foods contain a mixture of the three
major classes of fatty acids--saturated, monounsaturated, and polyunsaturated. Thus, when
saturated fats are combined with monounsaturated fats that are known to decrease total blood
cholesterol levels by lowering the bad cholesterol LDL and at the same time increasing the good
cholesterol HDL, more of a balance in cholesterol levels can be reached.
In general, polyunsaturated fatty acids are said to drastically lower total cholesterol levels
circulating in the blood, and are thought to do so to about the same degree or even slightly
more than monounsaturated fats. However, when defining the effects of the polyunsaturated
fatty acids on levels of blood lipids, it is important to specify the type of polyunsaturated fatty
acid. Within the polyunsaturated class of fatty acids are two major families of fatty acids
known as the “omega-3” and “omega-6” fatty acids, each of which have entirely different
effects upon the blood lipids. The omega-3 family of fatty acids includes the longer chained
omega-3’s DHA and EPA, both abundant in fish oil and other marine sources, as well as a
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shorter chain omega-3, alpha-linolenic acid (ALA), found in certain plant foods such as
flaxseeds, chia seeds, and walnuts. The longer chain omega-3’s DHA and EPA present in fish oil
have been shown to be protective against heart disease in a variety of ways including their
ability to improve the blood lipid profile. These fatty acids dramatically lower levels of
triglycerides in the blood and also decrease the amount of LDL, more specifically the small and
dense LDL that in higher numbers drastically increases the risk of heart disease. The long-chain
omega-3’s DHA and EPA have an array of other beneficial effects including an ability to
decrease inflammation, improve the overall health and function of the blood vessels, lower
blood pressure, and hinder the blood’s ability to clot. Put together these effects in conjunction
with the changes in blood lipids that occur in response to the intake of long-chain omega-3’s
are thought to underly the association between an increasing intake of these fatty acids with a
decreasing incidence of heart disease. The shorter chain omega-3 polyunsaturated fatty acid,
ALA, does not decrease the blood triglycerides as do EPA and DHA, but does appear to decrease
total levels of cholesterol as do the omega-6 fatty acids.
The omega-6 polyunsaturated fatty acids decrease the bad cholesterol LDL, but have also been
found to lower the good cholesterol HDL, potentially negating some of their beneficial effects
on cholesterol levels. Regardless of whether or not omega-6’s support healthy levels of
cholesterol in the blood, there is an alarmingly large amount of evidence to indicate that
consuming omega-6’s in place of saturated fatty acids will do much more harm than good.
Contrary to what the national dietary guidelines on fat imply through their recommendations to
increase the intake of all types of polyunsaturated fatty acids (omega-3’s and omega-6’s) to
decrease the risk of heart disease, there is ample research to suggest that replacing saturated
fat with omega-6 polyunsaturated fatty acids actually increases the risk of developing heart
disease, the likelihood of dying from heart disease, as well as one’s overall risk of dying, period.
Some studies have revealed the potential for high intakes of omega-6’s to suppress the immune
system, promote cancer, particularly of the prostate and breast, and increase the likelihood
that the bad cholesterol LDL will be oxidized, making it more likely to contribute to the buildup
of plaque. An extensive review that analyzed a large pool of randomized controlled trials,
widely considered the most reliable “gold standard” for scientific study on many matters of
human health, revealed that replacing trans-fats and saturated fats with omega-6
polyunsaturated fatty acids without simultaneously increasing the intake of omega-3
polyunsaturated fatty acids results in an increased risk of death! These rather extreme findings
have been further supported by other, more recent reviews suggesting that the potential
harmful effects of consuming excessive omega-6 polyunsaturated fatty acids may very well be
that extreme.
Some of the harmful effects observed from an increased intake of omega-6’s might not solely
be attributed to the omega-6’s themselves, but may also be the result of a major imbalance
between the relative proportions of omega-6’s and omega-3’s in the diet. This ratio between
omega-6’s and omega-3’s appears to have changed more in just the past 100-150 years than in
our entire evolutionary path. Humans are thought to have evolved consuming relatively equal
portions of these essential fatty acids so that our bodies became well adapted to such a
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balanced intake. It is only recently with the consumption of a modern Western diet that this
ratio changed so dramatically through the intake of unprecedented levels of omega-6’s and
much lower levels of omega-3’s. The current ratio of omega-6’s to omega-3’s in the modern
Western diet is thought to range between 10:1 all the way up to 30:1, with the average intake
falling between about 15:1-16.7:1. This is in stark contrast to the current recommended ratio
of 4:1 to 1:1. Higher amounts of omega-3’s relative to omega-6’s represented by ratios of 1:1
to 1:4 have even been recommended in order to receive more of the benefits of omega-3’s,
and decrease some of the undesirable effects of excess omega-6’s.
As was already mentioned, omega-3’s have been shown to be protective against heart disease
through their anti-inflammatory effects, their ability to inhibit blood clotting, relax and dilate
blood vessels, regulate levels of blood lipids, and also stabilize preexisting arterial plaques
making them less likely to rupture and cause a heart attack. Contrary to the long-held,
common belief that saturated fats are clogging our arteries, it is now known that arterial plaque
is primarily composed of unsaturated fats, particularly polyunsaturated fatty acids, and that
these fatty acids can originate from diet. Although, this does not mean that polyunsaturated
fatty acids are clogging arteries and thus should be removed from the diet, but rather, that the
body uses these fatty acids that are more pliable due to their large number of double bonds to
form plaques instead of using the more rigid saturated fatty acids and cholesterol. This can be
perceived as advantageous in that it would make the plaque more supple, allowing it to move
and stretch in face of the high pressure waves of blood it is continually subjected to.
Plaques with more omega-3 polyunsaturated fatty acids such as DHA and EPA have a different
structure and form that makes them more stable and less vulnerable to rupture, which as
stated above, is a very common cause of heart attacks. Remarkably, one study revealed that
even modest amounts of long-chain polyunsaturated omega-3’s are readily incorporated into
arterial plaques within a short period of time, and the research would again suggest that such
additions would be favorable. Omega-6 polyunsaturated fatty acids are also present in arterial
plaques, however, their concentrations in human plaques in relation to diet, and their effects
upon plaque stability or instability are not yet defined. Although, based upon what is already
known about omega-6’s pro-inflammatory effects, it is tempting to suspect that the presence of
omega-6’s in high amounts, especially relative to omega-3’s would be unfavorable for plaque
stability.
The ratio of omega-6 fatty acids to omega-3’s likely plays an important role in the original
formation and subsequent development of plaque within the arterial wall. Indeed, in rats, a
lower ratio of omega-6 to omega-3 fatty acids present within the body tissues (representing an
equal or slightly higher intake of omega-3’s relative to omega-6’s) resulted in a notable
decrease in the formation of plaque, most likely due to the observed decreases in inflammation
within the arterial walls as well as all over the body. This is yet another example of how omega6 and omega-3 polyunsaturated fatty acids have opposing downstream effects within the body.
More omega-6’s than omega-3’s may promote the formation of plaque and the incidence of
heart disease, while comparable or better yet higher amounts of omega-3’s relative to omega23

6’s in the diet can protect against heart disease. Beyond heart disease, omega-3’s have also
been shown to protect against a long list of other diseases and conditions that commonly
plague modern Western society. Specifically, omega-3’s may help to ward off the development
of high blood pressure, type II diabetes, kidney disease, and a whole host of inflammatory
conditions and diseases through their anti-inflammatory effects. Arthritis, ulcerative colitis, and
Chron’s disease are just a few of the many diseases rooted in inflammation that are now so
widespread among inhabitants of the developed world, and that could be treated or even
avoided through higher intakes of omega-3’s.
Omega-6’s, on the other hand, help to create the perfect storm for the development of
inflammatory diseases and conditions as well as heart disease. First, in direct opposition to the
anti-inflammatory downstream effects of omega-3’s, high intakes of omega-6’s promote the
body’s inflammatory response, which if driven to a state of overexcitement by an overload of
toxic triggers and other stressors from the environment and/or the diet can lead to abnormally
high levels of inflammation in the body. Chronically high levels of inflammation can prevent
normal cellular repair and over time set the stage for disease to develop. It is now known that
an inflammatory environment, specifically in the blood and in the cells forming the lining of the
blood vessels, favors the formation of plaque within the blood vessels. To make matters worse,
a high intake of omega-6’s results in more omega-6’s present in the bad LDL cholesterol, which
increases the susceptibility of LDL cholesterol to oxidation. Once oxidized, LDL cholesterol
becomes reactive and is more likely to be deposited in the walls of the blood vessels as plaque.
As if that was not enough to suggest that high levels of omega-6’s should be avoided for
cardiovascular health and health in general, omega-6 polyunsaturated fatty acids are also
known to promote the narrowing of blood vessels, as well as contribute to the blood’s ability to
form clots in part by increasing the blood’s viscosity, that is, the thickness and stickiness of the
blood. Put together, one could not imagine a more perfect storm for the development and
occurrence of heart disease. Besides heart disease, a high ratio of omega-6’s to omega-3’s has
been linked to the development and progression of cancer, osteoporosis, arthritis, and other
inflammatory and autoimmune diseases and conditions. As stated before, omega-3’s through
their anti-inflammatory effects, help protect against the development and progression of many
of these diseases and conditions.
It is the opposing effects of omega-6 and omega-3 polyunsaturated fatty acids that necessitates
a balanced ratio of their intake to maintain health and avoid disease. Both families of
polyunsaturated fatty acids are metabolized by the same protein enzymes, and therefore must
compete for these enzymes. Thus, when excessive amounts of omega-6’s are consumed, fewer
omega-3’s will be fully metabolized to longer-chained omega-3’s such as EPA and DHA which
are essential as structural components in cellular membranes and vital as precursors to
molecules that act to convey signals needed in a wide array of metabolic functions within cells
all over the body. Over time, this can prevent the cell from carrying out its normal processes,
predisposing the cell to a state of disease. When higher amounts of omega-3’s are consumed
relative to omega-6’s, more omega-3’s will gain entry into the pathways that produce the
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longer-chained omega-3’s as well as other essential molecules downstream, while levels of
omega-6’s and its derivatives will decrease in both the blood and in cell membranes.
The ratio between omega-6 and omega-3 polyunsaturated fatty acids was most drastically
altered within the last hundred years or so when people first began using large amounts of
refined vegetable oils containing unprecedented levels of omega-6‘s. Making their major debut
around the same time that the dietary guidelines on fat were first being introduced,
admonishing saturated fat and advocating the consumption of more polyunsaturated fat
instead, these oils quickly became accepted as the new modern “healthy” alternatives to the
old fashioned, artery clogging butter and lard grandma used to use. The industry of refined
vegetable oils boomed, and with such demand, there was plenty of opportunity to experiment
with creating a whole new slew of these oils. Costing next to nothing to produce, these oils
were made from surpluses of the country’s (and the world’s) major cash crops that only
recently had been considered as potential sources of edible oils. Excesses of soybeans, corn,
safflower, and cottonseed now had a new market. The only thing missing was the scientific
research to support the industry’s claims that these new oils were indeed healthier.
Blinded by the dollar signs in their eyes, enough scientists succumbed and produced the results
the industry was hungry for. Thus, it was with these scientists’ approval that the real
experiment began, taking place outside of any lab. The American people would serve as the
test subjects, eventually revealing the long-term health effects of the use of omega-6 rich
vegetable oils in greater amounts than had ever been used before in the whole history of
humanity. Determining the ultimate health consequences in the lab would have taken time,
and with the burgeoning industry of refined vegetable oils anxious to form its niche within the
marketplace, there was no time for such concerns to be properly addressed. About half a
century after these vegetable oils made their way into every pantry in America, and around a
whole century after the famous Crisco, the first “All-Vegetable” shortening made entirely from
vegetable oils, originally had its debut, the American public is still acting as the guinea pig in
determining the long-term health consequences of a diet rich in these oils.
In addition to these oils rich in omega-6 polyunsaturated fatty acids, modern agriculture also
played its part in altering the ratio between omega-6’s and omega-3’s, reducing the amount of
omega-3 fatty acids in many of the foods that formerly served as a good source of omega-3’s in
our evolutionary past. Throughout our evolution as humans, omega-3’s have been a ubiquitous
component of many of our foods. Meat, wild plants, eggs, fish, nuts and berries all contained
omega-3’s in our evolutionary past. With the advent of modern agriculture, however, this
changed dramatically, causing the omega-3 content to decrease in animal meats, eggs, fish, and
even your healthy supermarket green leafy vegetables. With modern agriculture, animals went
from grazing on grass rich in omega-3 fatty acids to gnawing on corn and other grains,
abundant in omega-6’s that eventually made their way into the animals’ tissues and onto our
dinner plates. The same phenomena occurred with our eggs and farmed fish that changed to
contain lower amounts of omega-3’s because they were fed lower supplies of omega-3’s than
they consumed before modern agriculture. A little alarming and unexpected is the fact that
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even cultivated vegetables contain fewer omega-3 fatty acids than plants do in the wild. With
these facts in mind and recognition of the major switch to a diet with high amounts of refined
vegetable oils rich in omega-6’s, it is very easy to see how dramatically altered the ratio of
omega-6’s to omega-3’s is in the typical modern Western diet compared to the diet modern
man evolved to consume.
A better alternative to low-fat, high carbohydrate diets or diets that include high amounts of
omega-6 polyunsaturated fatty acids appears to be a diet that is rich in monounsaturated fatty
acids. Monounsaturated fatty acids have been shown to be protective against heart disease in
a variety of different ways. What first sparked the interest of the scientific community into the
potential health benefits of consuming a diet rich in monounsaturated fatty acids was the low
prevalence of chronic diseases in Mediterranean populations who were consuming ample
amounts of monounsaturated fatty acids in the form of olive oil. Now we know after decades
of research the many ways by which monounsaturated fats protect against chronic diseases,
including and perhaps most especially heart disease. An impressive body of evidence in the
form of population based studies and randomized clinical trials have demonstrated an inverse
association between the Mediterranean diet high in monounsaturated fats and the risk for
coronary heart disease. As was already briefly mentioned, monounsaturated fats promote
healthy blood lipid profiles by lowering total cholesterol levels in the blood mainly by
decreasing the bad cholesterol LDL while simultaneously maintaining or even slightly increasing
the good cholesterol HDL. Monounsaturated fats also lower and help regulate blood pressure,
promote proper insulin activity, and even help to balance blood glucose levels. A diet high in
oleic acid, the main dietary monounsaturated fat, may also help prevent the bad LDL
cholesterol from oxidizing and taking on a form that is more easily absorbed into the arterial
wall resulting in the formation of plaque. All together, these effects and others potentially
make monounsaturated fats protective against heart disease and perhaps even obesity. For
these reasons, it is not surprising that national dietary guidelines in countries across the
developed world are increasingly recommending higher intakes of monounsaturated fats that
more closely mimic the levels consumed by populations living in the Mediterranean region.
It is estimated that monounsaturated fat accounts for as much as 16-29% of total energy intake
in the Mediterranean diet, almost all of which comes from olive oil. Interestingly, the total fat
intake most common in Western diets is similar to that of the Mediterranean diet. It is just the
relative proportions of the different types of fatty acids, particularly monounsaturated fats, that
differs. In the U.S., the intake of monounsaturated fats is estimated to be only about 13-14% of
energy compared to the 16-29% intake of monounsaturated fats observed with the
Mediterranean diets. The typical U.S. diet includes higher amounts of saturated fats than the
Mediterranean diet with intakes ranging around 11-15% of total energy consumption compared
to the less than 8% of energy intake from saturated fats in the Mediterranean. The intake of
polyunsaturated fats is also much higher in the U.S., accounting for about 7% or more of the
energy intake, 85-89% of which are omega-6’s obtained from refined vegetable oils. These
refined vegetable oils rich in omega-6‘s are absent from the traditional Mediterranean diet,
making the Mediterranean diet much lower in omega-6 polyunsaturated fatty acids.
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Besides the potential for omega-6‘s to promote an overactivation of the body’s inflammatory
response, another possible unfavorable effect of consuming higher amounts of polyunsaturated
fatty acids lies in their supposed increased susceptibility to oxidation relative to saturated and
monounsaturated fats. As the body is always working towards balancing the oxidants and
antioxidants within, adding in an abundant supply of polyunsaturated fats that may easily
transform into oxidants may pose a threat to the body’s balance of oxidants and antioxidants,
potentially resulting in what is referred to as “oxidative stress” whereby cells, tissues, and
organs can become damaged. Furthermore, too many oxidized lipids in the body that cannot
be quenched by antioxidants can contribute to levels of inflammation, and have even been
labeled as potential contributors to the development of cancer and atherosclerosis, the buildup
of plaque in the arteries. Thus, while the optimal intake of polyunsaturated fatty acids is yet to
be defined, very high intakes of these fats are thought to be detrimental to health, at least in
theory. The current recommendations were made in light of the potential threats that lie in
excessive intake of polyunsaturates, suggesting that these fats account for less than 7%--10% at
most--of the total daily energy intake. In addition, to help with the extra burden from
increased oxidants that may arise from a high intake of polyunsaturates, an increased
consumption of antioxidants has been recommended.
While the basic theory that fatty acids with more double bonds--i.e. polyunsaturated fatty
acids--are more vulnerable to oxidation is generally a widely accepted idea that has its roots
deeply grounded in some of the most basic reactions in organic chemistry, there is now a
significant body of evidence that argues that the relation between the degree of unsaturation
(i.e. the number of double bonds) and the susceptibility of a fatty acid to oxidation is not as
simple and straightforward as first theorized, at least within the complex milieu of the human
body. While the research does indicate that omega-6 polyunsaturated fatty acids may very well
increase levels of oxidation in the body, and thus pose a potential threat to health, particularly
when consumed in high amounts, the omega-3 polyunsaturated fatty acids might once again
act distinctly different than omega-6’s, in fact in a manner that is practically opposite as they so
commonly do. Thus, contrary to what was originally hypothesized, at least one family of
polyunsaturated fatty acids, the omega-3’s, appears to actually decrease levels of oxidation
within the body by acting as scavengers of free radicals (i.e. oxidants!) and even by positively
influencing gene activity involved in the balance between oxidants and antioxidants within
individual cells and ultimately in the body as a whole. Instead of the consumption of omega-3’s
increasing the levels of oxidized lipids and other oxidants in the body, there is evidence showing
that levels are reduced after the intake of omega-3’s. These antioxidant effects are thought to
lower the risk of plaque buildup in the arteries and heart disease in general, and provide further
evidence of the important role omega-3 polyunsaturated fatty acids can play in the fight against
heart disease as well as a long list of other chronic diseases.

Recap & Conclusions:
27

Just as the notions surrounding omega-3’s and their potential to increase oxidation within the
body have drastically changed and evolved with the revelation of new scientific findings, so too
have the core beliefs and theories surrounding which fats may contribute to health and which
fats threaten health. In the last fifty years or so fat, particularly saturated fat, has been
demonized and labeled as a potential killer in America. Dietary guidelines made in haste and
based upon a very small pool of preliminary evidence and in some cases no evidence at all led
the way for a new era in the American diet, one where low fat to not fat, and “all-vegetable”
oils and shortenings took the place of the more traditional fats of butter and lard that were
quickly relegated to become relics of the olden days on the farm. The new butter was Crisco®,
the “All-Vegetable” shortening that came (and still comes) in a large round tin with the
reassuring tag line “50% less saturated fat than butter!” placard on its label right alongside the
“Use Instead of Butter or Margarine.” Somehow an entire food industry eager to sell their new,
modern factory made food inventions convinced the greater American public to ban away the
most classic foods of the farm -- eggs, butter, lard -- from their diet, convincing them that their
very health depended upon it. Butter and whole milk would not be seen as wholesome and
safe by mainstream American society for the decades to come.
Unfortunately, as might be expected but to the misfortune of the American people, lowering
the nation’s intake of fat and saturated fat did not eliminate the impending heart disease
epidemic, achieving quite the opposite as the nation’s incidence of heart disease right along
with obesity, type II diabetes, and the now all too common metabolic syndrome continued--and
still continues--to rise. Overall, in retrospect, it appears as though the nationwide switch to low
fat or no fat that largely led to higher carbohydrate diets, replete with a heavy dose of sugar,
caused more harm than good!
As more research into the interplay between dietary fat intake and health is performed, the
more complex of a picture is created. To start, the search for the ideal fat is complicated by the
fact that individuals differ in their responses to dietary fat largely depending upon their own
genetic makeups. What might be considered as “healthy” cholesterol levels will also vary from
person to person. It may be surprising that the bad LDL cholesterol is not always elevated in
people with heart disease! To add further to the complexity, it becomes difficult to
recommend fat intake based upon the three major groups of fats--saturated,
monounsaturated, and polyunsaturated--as the individual fatty acids within each of these
groups each have been shown to affect the levels of the various blood lipids differently.
Saturated fats may easily still be perceived as bad as they do indeed raise the bad LDL
cholesterol, but it is the large and buoyant LDL particles that are mainly increased with
saturated fat intake, and these are generally thought to be less worrisome for heart disease
risk. Not all saturated fatty acids raise cholesterol, with some having no significant effect on
cholesterol levels. Making their villainous character even less believable is the fact that the
saturated fats that do raise cholesterol, do so by increasing the good HDL cholesterol as well,
actually raising HDL to levels much higher than can be obtained with the intake of any
28

monounsaturated or polyunsaturated fat! Thus, HDL levels have been found to be higher after
the intake of saturated fats than after the consumption of monounsaturated or
polyunsaturated fats, and HDL will decrease in proportion to a decrease in total and saturated
fat. Furthermore, much to the dismay of the lovers of low fat cookie bites and fat free
chocolate pudding snack packs, low fat diets do not decrease the bad LDL cholesterol, and if
they contain an abundance of carbohydrates, especially in the form of sugar, the blood lipid
profile actually changes to increase the risk of heart disease in many people by decreasing HDL,
increasing the small, dense LDL (the most dangerous form of LDL), and raising concentrations of
blood triglycerides.
Thus, changing the relative proportions of dietary fatty acids appears to be more important
than lowering fat intake. While the precise proportions for an optimum intake of fatty acids is
still a major matter of debate, thus far, the research outlines an optimal fatty acid intake that is
more closely in line with that consumed with the traditional Mediterranean diet. This diet
includes fat primarily in the form of monounsaturated fats. There is extensive research to
suggest that diets high in monounsaturated fats are protective against heart disease and other
chronic diseases. The Mediterranean diet is composed of fewer saturated fats than are
typically eaten in the modern Western diet, and a significantly smaller intake of omega-6
polyunsaturated fatty acids as the traditional Mediterranean diet does not include the refined
vegetable oils so popular in the modern Western diet. Omega-3’s, which are commonly
deficient in the typical Western diet, also account for a significant portion of the fat intake in
the traditional Mediterranean diet, and are mainly obtained from seafood and wild greens. In
direct opposition to the typical modern Western diet that is far more abundant in omega-6’s,
the Mediterranean diet includes an equal or even slightly higher intake of omega-3’s than
omega-6’s which is well-proven to be protective against heart disease and many other chronic
diseases.
Of course, not all of the healthful aspects of the Mediterranean diet--or any diet for that
matter--can be reduced down to a simple ratio of the main types of fatty acids. The large
amount and variety of whole foods, including an abundance of fruits and vegetables in the daily
diet, certainly contributes to the health promoting properties of the Mediterranean diet. In the
search for the optimal way of consuming fat, it is important to consider that the healthfulness
of whole foods cannot be determined based on the fatty acid profile alone, but must be
considered within the context of the nutritional profile of the food as a whole in order to
determine its actual effects upon health. Thus, the saturated fats from cheese may not alter
blood lipids as predicted due to the protein, calcium, and other components that will alter how
the fat is absorbed and possibly also how it is metabolized. Nuts, which vary largely in their
fatty acid composition, might be judged solely on their individual fatty acid contents, but this
might not prove valid as there is now research to show that the ratio of the amino acids
arginine:lysine present in the protein of many nuts has downstream effects on blood lipids that
are protective against heart disease. Nuts also contain micronutrients such as copper and
magnesium, phyto--i.e. plant--chemicals such as plant sterols, dietary fiber and vitamins
including vitamin E that all act together to provide protection against heart disease. Another
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prime example is chocolate, which at first would be expected to increase the risk of heart
disease since it is high in saturated fat. However, studies have repeatedly shown that chocolate
reduces the risk for heart disease. How could this be? Most of the saturated fat content is in
the form of stearic acid, an acid that does not raise and may in fact even lower cholesterol.
Combined with the abundance of antioxidant polyphenols, and oleic acid (the same fatty acid in
olive oil) present in chocolate, chocolate becomes much more than a food rich in saturated fats
that may raise cholesterol and thus contribute to heart disease. It seems that in the search for
the optimal fat intake, one has to think outside the box and take heed that just as one should
never judge a book merely by its cover, one should not pick their food solely on its fatty acid
profile.

OMEGA-3 + BLOOD LIPIDS
“Long-chain n-3 PUFAs have potent effects in the liver, where they suppress the production of
endogenous TAG by inhibiting the enzymes phosphatidic acid phosphatase and diacylglycerol
acyltransferase. They may also selectively increase the degradation of apoB-100, further
reducing the production of TAG-rich VLDLs....In addition, long-chain n-3 PUFAs accelerate the
clearance of TAG-rich lipoproteins from the circulation in the postprandial phase by stimulating
the activity of LPL. Together, these effects are thought to underlie the ability of these fatty
acids to correct the lipoprotein abnormalities associated with an ALP. It is also possible that
many of the effects of eicosapentaenoic acid/docosahexaenoic acid on blood lipids and other
cardiovascular risk factors are mediated through an increase in the sensitivity of tissues to the
action of insulin. However, there is, as yet, no convincing evidence to support such an effect in
adipose tissue, liver, or skeletal muscle.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester,
V.H. p. 119).
“The long-chain, highly unsaturated ω3 FA eicosahexaenoic acid (EPA, 20:5) and
docosahexaenoic acid (DHA, 22:6) lower plasma triglycerides (TG), mediate a number of
salutary metabolic and anti-inflammatory effects (4, 32, 36), and accelerate neonatal neural
development (23, 24).” (McKimmie, R.L.; Easter, L.; Weinberg, R.B.).
“Total cholesterol and LDL cholesterol are not changed markedly in normolipidemic individuals
following fish oil supplementation. However, in hyperlipidemics the n3 fatty acids tend to
elevate LDL-C (5-10%) and HDL-C (1%-3%); serum triglyceride concentrations are decreased by
25-30%. Only in cases where very high levels of n3 fatty acids (20+ g/day) were consumed have
total cholesterol and LDL cholesterol serum levels decreased....As mentioned, n-3 PUFAs reduce
plasma triacylglycerols and improve the lipoprotein profile by decreasing the fraction of
atherogenic small, dense LDL. These effects are likely mediated through the activity of
transcription factors related to expression of genes involved in lipid synthesis and oxidation. It
has been hypothesized that other pleiotropic effects of n-3 PUFAs may contribute to decreasing
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the burden of the metabolic syndrome, such as modulating inflammation, platelet activation,
endothelial function, and blood pressure.” (Chow, Ching Kuang, ed. pp. 1074-1075).
“Linolenic acid (18:3n-3), unlike the longer chain PUFAs found in fish oils, does not reduce VLDL
[major source of blood triglycerides] in most studies but does exhibit hypocholesterolemic
effects similar to the n6 fatty acids.” (Chow, Ching Kuang, ed. p. 1074).

OMEGA-6 + BLOOD LIPIDS
“Generally, it has been observed that dietary n6 PUFAs decrease plasma total
cholesterol...Although most studies have shown that total plasma cholesterol is lowered by
increasing the dietary content of n6 PUFAs, HDL cholesterol also appears to be lowered by n6
PUFAs; high-HDL cholesterol is associated with decreased CVD risk. However, there is still
ongoing debate as to whether high-LDL cholesterol or low HDL cholesterol is the best predictor
of CVD risk.” (Chow, Ching Kuang, ed. p. 1073).
“Not only has the condemnation of saturated fats led to an increased consumption of
carbohydrates, it has also led to several dietary guidelines recommending replacement of
saturated fats with polyunsaturated fats, without specifying which polyunsaturated fatty acid
(ie, Ω-3 vs Ω-6). The recommendation for increasing polyunsaturated fat stems from pooled
analyses of data looking at increasing Ω-3 and Ω-6 polyunsaturated fatty acids.19 ,20 However,
a meta-analysis of randomized controlled trials showed that replacing a combination of transfats and saturated fats with Ω-6 polyunsaturated fats (without simultaneously increasing Ω-3
fatty acids) leads to an increased risk of death.21 These results were corroborated when data
were recovered from the Sydney Diet Heart Study and included in an updated meta-analysis.”
(DiNicolantonio, J.J.).
“advice to replace saturated fats with polyunsaturated fats (ie, Ω-6) may increase the risk of
coronary heart disease, cardiovascular events, death due to coronary heart disease and overall
mortality.21–24
Reasons for the potential harmful effects of Ω-6 fatty acids may be due to their promotion of
cancer, suppression of the immune system, lowering of HDL-C and increasing the susceptibility
of LDL to oxidation.25 Further evidence indicates a role of Ω-6 in promoting prostate 26–28 and
breast cancer.29 This is supported by the Anti-Coronary Club study, where there was 71%
increased risk of death from causes other than coronary heart disease among individuals who
were placed on a diet designed to increase the P/S ratio in those who had not experienced a
new coronary event.30 Moreover, in a controlled clinical trial by Dayton et al,31 there was a
greater than threefold increased risk of death due to carcinoma when saturated fat (mainly of
animal origin) was substituted for Ω-6 polyunsaturated fat (including corn, soybean, safflower
and cottonseed).” (DiNicolantonio, J.J.).
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“Advice to substitute polyunsaturated fats for saturated fats is a key component of worldwide
dietary guidelines for coronary heart disease risk reduction. However, clinical benefits of the
most abundant polyunsaturated fatty acid, omega 6 linoleic acid, have not been established. In
this cohort, substituting dietary linoleic acid in place of saturated fats increased the rates of
death from all causes, coronary heart disease, and cardiovascular disease. An updated metaanalysis of linoleic acid intervention trials showed no evidence of cardiovascular benefit. These
findings could have important implications for worldwide dietary advice to substitute omega 6
linoleic acid, or polyunsaturated fats in general, for saturated fats.” (Ramsden, C.E. et. al.).
“The potential harms of replacing saturated fat with omega-6 polyunsaturated fats
•
Increased risk of cancer.
•
Increased risk of coronary heart disease, cardiovascular events, death due to heart
disease and overall mortality.
•
Increased oxidised LDL-C.
•
Reduction in HDL-C.” (DiNicolantonio, J.J.).

MUFAS + BLOOD LIPIDS
“Evidence supports the notion that MUFA rich diets have slightly less or comparable TC and
LDL-C lowering effects to those of PUFA rich diets. Whereas n-3 PUFA rich diets may
additionally reduce serum TAG [68], MUFA rich diets have more favorable effects on HDL-C
concentrations....When PUFA and MUFA rich diets were compared for replacement of dietary
SFA in healthy adult subjects, those consuming MUFA rich diets demonstrated a preservation of
HDL-C levels to a greater extent with only a 4% decrease in HDL-C levels compared to those
consuming PUFA rich diets, which decreased HDL-C levels by 14% [71]. Thus, due to the
preservation of HDL-C with MUFA versus PUFA rich diets, effects on the TC:HDL-C ratio were
comparable when either MUFA or PUFA replaced dietary SFA [52, 71].” (Gillingham, L.G.; HarrisJanz, S.; Jones, P.J.H.).
“Monounsaturated fatty acids, such as 18:1 n9, have been shown to lower plasma total
cholesterol and LDL cholesterol when substituted for SFA in the diet....it has recently been
noted that MUFAs were as hypocholesterolemic as n6 fatty acids relative to SFAs when
administered as liquid formulas. These cholesterol changes were primarily due to decreased
LDL cholesterol because the HDL cholesterol remained unchanged. Other more recent studies
have noted that cis n9 fatty acids actually increase HDL while lowering LDL. Changes in
HDL/LDL ratios by n9 fatty acids may, in part, explain the lower incidence of CVD noted in the
Greek Island Studies, since the consumption of olive oil (rich in n9 fatty acids) in the
Mediterranean diets is high.” (Chow, Ching Kuang, ed. p. 1073).
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“The 1950s story was that saturated fats increase total cholesterol, polyunsaturated fats
decrease it, and monounsaturated fats are neutral. By the late 1970s---when researchers
accepted the benefits of HDL--they realized that monounsaturated fats are not neutral. Rather,
they raise HDL, at least compared to carbohydrates, and lower LDL. This makes them an ideal
nutrients as far as cholesterol goes. Furthermore, saturated fats cannot be quite so evil
because, while they elevate LDL, which is bad, they also elevate HDL, which is good. And some
saturated fats--stearic acid, in particular, the fat in chocolate--are at worst neutral. Stearic acid
raises HDL levels but does little or nothing to LDL. And then there are trans fatty acids, which
raises LDL, just like saturated fat, but also lower HDL. Today, none of this is controversial,
although it has yet to be reflected in any Food Guide Pyramid.” (Taubes, Gary p. 2543).

MUFAS + COGNITION
Summary: Researchers found a correlation between higher levels of monounsaturated fatty
acids in the blood of 99 healthy older adults and the functional organization of the brain’s
dorsal attention network thought to be indicative of general intelligence. An intervention study
involving the intake of monounsaturated fats over the long term would further reveal whether
or how monounsaturated fats affect brain network organization and intelligence.
“Nutrition has been linked to cognitive performance, but researchers have not pinpointed what
underlies the connection. A new study found that monounsaturated fatty acids -- a class of
nutrients found in olive oils, nuts and avocados -- are linked to general intelligence, and that
this relationship is driven by the correlation between MUFAs and the organization of the brain's
attention network.”
“The study of 99 healthy older adults, recruited through Carle Foundation Hospital in Urbana,
compared patterns of fatty acid nutrients found in blood samples, functional MRI data that
measured the efficiency of brain networks, and results of a general intelligence test.”
“The researchers found that general intelligence was associated with the brain's dorsal
attention network, which plays a central role in attention-demanding tasks and everyday
problem solving. In particular, the researchers found that general intelligence was associated
with how efficiently the dorsal attention network is functionally organized used a measure
called small-world propensity, which describes how well the neural network is connected within
locally clustered regions as well as across globally integrated systems.
In turn, they found that those with higher levels of MUFAs in their blood had greater smallworld propensity in their dorsal attention network. Taken together with an observed
correlation between higher levels of MUFAs and greater general intelligence, these findings
suggest a pathway by which MUFAs affect cognition.”
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SFA + BLOOD LIPIDS
“SFAs...their presence in the cell exerts the opposite effect [of MUFAs and PUFAs] on free
cholesterol levels, thus increasing circulating LDL cholesterol and total serum cholesterol.”
(Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 119).
“There is a lack of evidence on the effect of short-chain and medium-chain (4:0–10:0) SFAs on
cholesterol and CHD risk. The amount of conjugated linoleic acid in the diet is generally very
low and probably has negligible metabolic effects.” (Astrup, A. et. al. p. 686).
“In relation to the question of their effects on serum cholesterol, stearic acid and saturated
fatty acids with <12 carbon atoms are thought not to increase cholesterol
concentrations....Another study in humans also indicated that, even though stearic acid appears
to have different metabolic effects with respect to its effect on the risk of cardiovascular
disease than do other saturated fatty acids (95), reduced stearic acid absorption does not
appear to be responsible for the differences in plasma lipoprotein responses (99).” (German,
J.B.; Dillard, C.J.).
“...myristic acid is one of the major saturated fatty acids that have been associated with an
increased risk of CAD, and human epidemiologic studies have shown that myristic acid and
lauric acid are the saturated fatty acids most strongly related to average serum cholesterol
concentrations. However, in healthy subjects, although myristic acid is hypercholesterolemic, it
increased both LDL- and HDL-cholesterol concentrations compared with oleic acid...” (German,
J.B.; Dillard, C.J.).
“Among the saturated fatty acids, the most hypercholesterolaemic are C14:0 (myristic acid) and
C16:0 (palmitic acid), while stearic acid (C18:0) appears to be neutral or even
hypocholesterolaemic....The ability of saturated fatty acids to raise LDL cholesterol levels
appears to be due to the effect of these fatty acids in regulating the expression of the LDL
receptor on hepatic cell membranes. When levels of these fatty acids in hepatic cell
membranes are high there is down-regulation of the LDL receptor protein and thus a reduced
rate of removal of LDL from the circulation. The neutral or even hypocholesterolaemic effect of
stearic acid seems to be due to its high rate of conversion to 20:1 monounsaturated fatty acid.”
(Lanham-New, S.A.; Macdonald, I.A.; Roche, H.M.).
“...how saturated fatty acids increase lipoprotein cholesterol is not completely understood at
the molecular level, and which saturated fatty acids have this capacity is still being debated.
However, the evidence that dietary saturated fats generally increase blood cholesterol
concentrations is the basis for recommendations to decrease the intake of saturated fats (2, 3).
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The decision to focus on the role of saturated fat in the diet and on lipid metabolism is
reasonable given the cost of cholesterol-related diseases in the population. However, the
apparent breadth of studies of saturated fats and lipid metabolism should not obscure the fact
that little is known about metabolic aspects of individual dietary saturated fatty
acids....Epidemiologic data suggest that saturated fats increase the concentration of LDL
cholesterol in the bloodstream of some persons and that elevated cholesterol concentrations
heighten the risk of heart disease (28). However, from a pragmatic food-choice perspective, it is
impossible to achieve a nutritionally adequate diet that has no saturated fat (3).” (German, J.B.;
Dillard, C.J.).
“Based on the controversy over the effects of fat in the diet, the question most often addressed
is, What are the relative cholesterolemic effects of the major saturated fatty acids in the diet?
However, the evidence suggests that caproic, caprylic, and capric acids are neutral with respect
to cholesterol-increasing properties and their ability to modulate LDL metabolism; lauric,
myristic, and palmitic acids are approximately equivalent in their cholesterol-increasing
potential, and stearic acid appears to be neutral in its cholesterol-increasing potential (65; for
review see reference 66). A limited number of controlled studies suggest that myristic acid is
the most potent cholesterolemic dietary saturated fatty acid (for review see reference 67).
However, there is evidence that the increase in chlolesterol is related to an increase in both LDL
and HDL cholesterol (68). Aside from the reported effects on plasma cholesterol
concentrations, there are other properties and functions of the individual saturated fatty acids
that support beneficial roles in the body.” (German, J.B.; Dillard, C.J.).
“Considerable evidence indicates that dietary saturated fats support the enhancement of HDL
metabolism. In a study of the effects of reduced dietary intakes of total and saturated fat on
HDL subpopulations in a group of multiracial, young and elderly men and women, subjects
consumed each of the following 3 diets for 8 wk: an average American diet (34.3% of energy
from total fat and 15.0% of energy from saturated fat), the American Heart Association Step I
diet (28.6% of energy from total fat and 9.0% of energy from saturated fat), and a diet low in
saturated fat (25.3% of energy from total fat and 6.1% of energy from saturated fat) (25). HDL2cholesterol concentrations decreased in a stepwise fashion after the reduction of total and
saturated fat. A reduction in dietary total and saturated fat decreased both large (HDL2 and
HDL2b) and small, dense HDL subpopulations, although the decreases in HDL2 and HDL2b were
most pronounced. Serum triacylglycerol concentrations were negatively correlated with
changes in HDL2 and HDL2b cholesterol. In children fed a diet in which total fat was substituted
with carbohydrate but in which total energy was held constant, total fat and saturated fat were
positively associated with total cholesterol and HDL cholesterol (106). Perhaps it is ironic that
diets enriched in saturated fat and cholesterol increase LDL-cholesterol concentrations but also
increase HDL-cholesterol concentrations. The lack of a scientific, mechanistic understanding of
these relations should be a warning that population-wide recommendations for all persons at
all ages and circumstances to reduce their intake of saturated fats may be premature [as of
2004]. For persons with low LDL and low HDL, is a recommendation to decrease saturated fatty
acid intake to the maximum extent possible warranted?” (German, J.B.; Dillard, C.J.).
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“Lauric acid [C12:0], as a component of triglycerides, comprises about half of the fatty acid
content in coconut oil, laurel oil, and palm kernel oil (not to be confused with palm oil),[10][11]
Otherwise, it is relatively uncommon. It is also found in human breast milk (6.2% of total fat),
cow's milk (2.9%), and goat's milk (3.1%)....Lauric acid increases total serum cholesterol the
most of any fatty acid. But most of the increase is attributable to an increase in high-density
lipoprotein (HDL) (the "good" blood cholesterol). As a result, lauric acid has been characterized
as having "a more favorable effect on total HDL cholesterol than any other fatty acid, either
saturated or unsaturated".[15] In general, a lower total/HDL serum cholesterol ratio correlates
with a decrease in atherosclerotic risk.[16] Nonetheless, an extensive meta-analysis on foods
affecting the total/LDL serum cholesterol ratio found in 2003 that the net effects of lauric acid
on coronary artery disease outcomes remained uncertain.[17]” (Wikipedia, the free
encyclopedia. “Lauric acid.”).
“We found that HDL cholesterol was significantly higher after intake of the HSAFA [highly
saturated] than after the HUFA [rich in mono- and polyunsaturated fatty acids] diet. This is in
accordance with previous findings that myristic acid increases HDL cholesterol (26). Data from
two meta-analyses have shown that the saturated fatty acids 12:0–16:0 (13), and in particular
12:0 [lauric acid] and 14:0 [myristic acid] (27), are far more HDL cholesterol increasing than
mono- or polyunsaturated fatty acids. Because coconut oil is very rich in lauric and myristic
acids, this may explain the marked decrease in HDL cholesterol when changing from the HSAFA
diet to the LSAFA or the HUFA diet....Thus, the proportions of dietary fatty acids rather than
restriction of the percentage of saturated fat energy may be of primary importance if the aim is
to reduce the LDL/HDL cholesterol ratio.” (Muller, H. et. al.).
“Reviews of studies that linked dietary cholesterol and fats and high serum cholesterol with
atherosclerosis and cardiovascular disease aptly pointed out that the results of the
epidemiologic and experimental studies are inconclusive or even contradictory (31-33). The
conclusion of an analysis of the history and politics behind the diet-heart hypothesis was that
after 50 y of research, there was no evidence that a diet low in saturated fat prolongs life (34).
The proposition that dietary fat is unhealthy is based on the fact that high intakes of saturated
fat elevate blood cholesterol and thus increase the incidence of atherosclerosis, which then
increases the risk of CAD (35, 36). However, dietary saturated fats are not the only cause of
heart disease—the causes are multifactorial. The results of studies on the etiology of heart
disease are inconclusive and sometimes contradictory. Factors that are known to contribute to
this disease include intake of carbohydrates with high glycemic indexes (for review see
reference 19), homocysteine (37), C-reactive protein (38, 39), lack of exercise (40), high blood
pressure (41), a family history of heart disease (42), oxidative stress (43), smoking (for review
see reference 44), and obesity and diabetes (45, 46).” (German, J.B.; Dillard, C.J.).
“In the Seven Countries Study (4), the higher risk of CHD mortality associated with intake of
SFAs may be biased because of confounding by many other factors and can only be hypothesisgenerating.” (Astrup, A. et. al. p. 685).
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SFA + ATHEROSCLEROSIS
“Although it is commonly believed that saturated fats and dietary cholesterol are the lipids that
accumulate in arteries and that this accumulation is a further rationale for decreasing all
saturated fatty acids in diets, this is not necessarily true. Excessive n−6 polyunsaturated fatty
acid (PUFA) intake from refined vegetable oils has also been implicated as contributing to
cancer and heart disease, and arterial plaque is primarily composed of unsaturated fats,
particularly polyunsaturated fats, and not saturated fat (49)....Other investigators recommend
that the daily intake of PUFAs should not be >10% of total energy (52).” (German, J.B.; Dillard,
C.J.).
“Long-chain n-3 PUFAs such as EPA and DHA are usually consumed in small quantities, and are
therefore reported in low proportions in plasma and most tissue lipids. However, increased
consumption of these most fatty acids raises their proportion in various blood and tissue lipid
pools, as seen here for LDL lipid fractions. A key observation from our study is that when longchain n-3 PUFAs are consumed at a modest dose they are readily incorporated into
atherosclerotic-plaque lipids....The only other study we know of to assess effect of fish-oil
supplementation on the fatty-acid composition of atherosclerotic plaques is that of Rapp and
colleagues, which showed substantial incorporation of EPA and DHA into plaque lipids after
consumption of a very high dose of fish oil. Our results show that n-3 PUFAs provided in the
diet at amounts that are about the same as those recommended and used in landmark
secondary prevention studies and are incorporated into plaque lipid pools. Furthermore, even
at the modest level of dietary supplementation used here, incorporation of n-3 PUFAs happens
within a short time. This finding suggests that atherosclerotic plaques are fairly dynamic, with
some degree of lipid turnover, even at an advanced stage of
atherosclerosis....Immunohistochemical staining and measures of plaque morphology showed a
substantial effect of n-3 PUFA supplementation. More plaques were seen with a well-formed
fibrous cap, rather than a thin inflamed cap, in the fish-oil group than in either of the other
groups. Furthermore, plaques from patients treated with fish oil were less heavily infiltrated
with macrophages. The characteristics of an atherosclerotic plaque that make it vulnerable to
rupture include a thin fibrous cap and raised numbers of inflammatory cells such as
macrophages. Presence of macrophages in carotid plaques is associated with an increased
frequency of neurological events. The changes in plaque morphology seen as a result of fish-oil
supplementation in our study therefore suggest a more stable plaque, which is less vulnerable
to rupture. These differences were associated with a higher content of EPA and DHA in the
plaque lipids, suggesting that these fatty acids have a role in establishment of plaque
stability....Results of these studies lend support to the hypothesis that atherosclerotic plaques
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are dynamic and responsive to dietary modification, which can affect plaque stability, as shown
by us.” (Thies, F. et. al.).
“I suggest an alternative hypothesis. A correlation between serum and plaque, if true, merely
means that the plaque takes up lipid from the serum in some form. Contrary to Felton and
colleagues’ suggestion, this uptake might be advantageous. A supple coronary artery can
respond to the stress of movement and high pressure waves. A polyunsaturated plaque would
be more supple and the endothelium consequently less easily damaged than a plaque filled
with rigid saturated fatty acids and cholesterol. Hence the protective effect of polyunsaturated
fatty acids might have been understated rather than overstated.” (Crawford, M. et. al.).
Landmark Study by Dr. Ronald Krauss & Dr. Patty W. Siri-Tarino published in March 2010 that
questions the connection between saturated fat and heart disease:
Basic Info on Study:
• Meta-analysis of prospective epidemiological studies (including 21 studies and
approximately 350,000 people) showed that there is no statistically significant association exists
between dietary saturated fat and an increased risk of CHD (Coronary Heart Disease), stroke, or
CVD (Cardiovascular Disease). NOTE: A meta-analysis is a large review that combines many
studies, thus supposedly being more accurate and less biased with a greater statistical power.
A prospective epidemiological study is a study that includes whole populations and is based
upon data that will be obtained in the future.
• Authors hypothesized may be due to the fact that people tend to replace the fat with
carbohydrates, especially processed carbohydrates.
• Article concludes that this research implicates, “An overall eating pattern that emphasizes
whole grains rather than refined carbohydrates such as white flour, along with foods high in
PUFAs, is of more value than simply aiming to further decrease saturated fatty acids.”
Data Supporting the conclusions above:
General Characteristics of Dyslipidemia:
• Elevated TG
• Low concentrations of HDL-C
• Increased concentrations of small, dense LDL
....that ultimately leads to increased CVD risk in patients with metabolic syndrome, insulin
resistance, and type II diabetes.
Both increased adiposity and higher carbohydrate intakes have been shown to increase the
magnitude of each of the components of atherogenic dyslipi- demia, each independently. In
hypercholesterolemic and combined hyperlipidemic patients, fat restriction to 25% and
carbohydrate intakes 60% was associated with similar adverse changes in lipids (increased
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triglyceride and reduced HDL cholesterol) with no further reductions in LDL cholesterol;
furthermore, high-carbohydrate feeding led to increased plasma concentrations of palmitate,
thus negating the effects of further reductions in saturated fat on palmitate concentrations.
The induced adverse effects on HDL cholesterol and triglyceride may counteract any benefits of
reductions in dietary fat on CVD in men. Because HDL cholesterol and triglycerides are stronger
risk factors in women, such lipid changes result in a predicted increase in coronary disease
incidence in this subgroup. Replacement with a higher carbohydrate intake, particularly refined
carbohydrate, can exacerbate the atherogenesis, dyslipidemia associated with insulin
resistance, and obesity that includes increased triglycerides, small LDL particles, and decreased
HDL cholesterol.(Siri-Tarino, Krauss et. al 504).
Other Notes & Evidence:
• Replacement of SFA with MUFA rather than carbohydrate was associated with a decreased
CHD risk in patients with diabetes. Replacement of SFA with PUFA has been shown to decrease
total, LDL, and HDL cholesterol...LDL cholesterol can be reduced by both MUFA and PUFA, with
an apparently greater effect with PUFAs. Importantly, the effects of SFA on lipids and
lipoproteins may be modulated by the content and/or availability of PUFAs, such that SFA only
affects LDL cholesterol if the PUFA intake is below a threshold level (approximately 5% of
energy). LDL cholesterol as well as total cholesterol and apoB were not different between
women who consumed diets high or low saturated in saturated fat but with similar ratios of
PUFA:SAT (P:S).
• In the largest controlled dietary intervention trial to date, known as the Women’s Health
Initiative, more than 48,000 post-menopausal women were assigned to either a low fat diet or
a comparison group with no restrictions that ended up eating much less PUFA and more SFA
than the low fat group. The low fat group ate more carbohydrates. In the end, there were no
differences between the groups in incidence of fatal and nonfatal coronary heart disease (CHD)
and total CVD, including stroke.
• In the well-known Lyon Heart Study, study subjects adopted a Mediterranen diet with an
increased amount of omega-3‘s, a slight decrease in SFAs, and a modest increase in fiber and
total carbohydrate that was associated with a 72% reduction in recurrent CHD events in
patients with prior myocardial infarction . The authors found no significant differences in
traditional risk factors, including LDL cholesterol, between the groups, which supported the
hypothesis that the CHD benefit could be attributed, at least in part, to increased omega-3 fatty
acid intakes associated with the Mediterranean diet.
• Again... “There is little evidence from clinical trials or epidemiological studies that a
reduction in SFA intakes below approximately 9% of total energy is associated with a reduced
CVD risk.” (Siri-Tarino, Krauss et. al. 506).
• There are differences between individual types of saturated fatty acids with regard to effects
on LDL and HDL cholesterol. The longer the SFA, the less it appears to raise LDL...Specifically,
there is a progressively smaller LDL-cholesterol-raising effect with substitution for carbohydrate
of saturated fatty acids of increasing chain length, with the largest increase observed for lauric
acid (12 carbons), and no significant increase with stearic acid (18 carbons).

39

• ***However, lauric acid substitution also results in the greatest increase in HDL cholesterol,
such that there is significant lowering of the total:HDL-cholesterol ratio. My note: SO, lauric
acid’s effect may or may not be detrimental---a mulit-faceted ?/answer since the increase in
HDL may negate, to some degree, the increase in LDL, at least theoretically.
Interesting Side Notes:
• The amount of dietary cholesterol may also affect SAT fat’s impact on LDL.**they did not
further this--can research more if interested.
• Replacing SAT with PUFA has been shown to decrease coronary atherosclerosis in African
green monkeys.
Another Study by Krauss Focused upon Carbohydrates, Weight Loss, & Their Associations to
Atherogenic Dyslipidemia
Both excess adiposity and high carbohydrate, low fat diets can promote atherogenic
dyslipidemia. Dietary carbohydrates may promote atherogenic dyslipidemia, largely because of
the effects on the metabolism of plasma triglyceride rich lipoproteins.
High carbohydrate, low fat diets have been shown to induce increased concentrations of small,
dense LDL particles and the expression of the small, dense LDL particle phenotype (LDL subclass
B**see note on this below) in a high proportion of healthy men. Low carb, high protein/fat
diets decrease plasma triglycerides and decrease or maintain LDL-C, despite relatively high
dietary contents of saturated fat and cholesterol.
This study showed a linear relation of carbohydrate intake to the prevalence of LDL pattern B**
(LDL that are small, dense, & atherogenic in nature) between the diets. The examination of
changes in LDL subfraction distribution showed that a low carb diet resulted in significantly
lower concentrations of small, dense LDL. The reductions were significantly correlated with
reduced plasma triglyceride concentrations, consistent with the pathways connecting tg-rich
lipoproteins to the production of small, dense LDL.
With a low carb diet coupled with either a high or low saturated fat content, the high saturated
fat diet produced more large, buoyant LDL, and decreased the usual increase in total LDL-C
associated with increased fat intake. These results confirm previous evidence that SFA intake
results in an increase of larger LDL rather than smaller LDL particles. Concentrations of apo B, a
measure of total atherogenic particle concentrations, as well as total:HDL cholesterol, an
integrated measure of CVD risk, decreased similarly with both the higher- and lower-saturatedfat diets that were coupled with a low carb diet.
Moderate carbohydrate restriction and weight loss provide equivalent but non-additive
approaches to improving atherogenic dyslipidemia. Moreover, beneficial lipid changes
resulting from a reduced carbohydrate intake were NOT significant after weight loss. If an
individual cannot achieve or maintain weight loss, they may switch to a low carbohydrate diet
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to manage atherogenic dyslipidemia. These more favorable plasma lipid profiles associated
with low carbohydrate diets can persist as long as one year after. (Krauss et. al. 1025-1031).
Sidenote***LDL Subclasses: A & B
Subclass Pattern A: Particles have a diameter larger than 25 nm and are less dense....generally
not considered atherogenic.
Subclass Pattern B: Particles have a diamter less than 25 nm and are higher density. This is an
inherited disorder that has been linked with a pattern that includes elevated levels of
triglycerides and lower levels of HDL. This is a common pattern seen with type II diabetes and
metabolic syndrome.
The Effect on Plasma Lipids of Replacing Dietary Saturated Fat with Polyunsaturated and
Monounsaturated Fat:
Low Fat, High Carb Diets decrease LDL, BUT also decrease HDL and increase TG’s, which are
considered an independent risk factor of CVD.
“Many argue in favor of replacing saturated fat with polyunsaturated and monounsaturated fat
rather than carbohydrate because low-fat, high-carbohydrate diets, despite causing a favorable
decrease in plasma low density lipoprotein cholesterol often lead to decreased plasma high
density lipoprotein cholesterol and increased triglyceride concentrations.” (L Hodson, CM
Skeoff et. al.)
Effects of the Glycemic Index of Foods on Serum Concentrations of HDL-Cholesterol and
Triglycerides: **To summarize, a lower dietary GI is associated wtih lower serum triglycerides
and possibly with higher HDL-C, but the association between GI and HDL is yet to be fully
understood.
Epidemiological evidence shows that a lower dietary Glycemic Index is associated with lower
serum triglycerides and higher HDL-C, relative to a low fat, high carbohydrate diet that is
composed of a higher dietary Glycemic Index.
Results from the intervention studies reviewed in this study reveal that low-GI diets decreased
serum triglycerides by 15% to 25% relative to high GI diets. There seems to be less of a
connection between dietary GI and HDL-C in the intervention studies done this far. Author
asserts, “It is apparent that consumption of a low-fat, high carbohydrate diet is associated with
decreased levels of HDL-C, regardless of the glycemic index of the diet or changes in serum
triglycerides.” (Pelkman, Christine L. et. al).
Hypolipidemic Effects of High Carbohydrate, High Fiber Diets:
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Incorporation of generous amounts of plant fiber into the diet prevented the
hypertriglyceridemic response to the high carbohydrate diets. The 32% reduction in serum
cholesterol values achieved with these high carbohydrate, high fiber diets is similar in
magnitude to that observed when dietary cholesterol and saturated fat were restricted. Plant
fibers, especially the water soluble types, appear to have considerable potential in the
management of hypercholesterolemia. In rats, certain plant fibers selectively lower LDL-C and
raise HDL-C. The large quantities of carbohydrate in high carbohydrate, high fiber diets would
induce hypertriglyceridemia if this effect were not counterbalanced by the plant fiber that
decreases postprandial triglyceride values and fasting triglyceride values. (Anderson, James W.
et. al.).

Caloric Sweetner Consumption & Dyslipidemia Among US Adults: Article Published in 2010:
added sugar is associated with lower levels of HDL, higher levels of triglycerides, and overall
higher ratios of tg’s to HDL. HDL was shown to decrease in increments according to the amount
of added sugar consumed.
Added sugars have become a major part of the diet of Americans, increasing total sugar
consumption by as much as 5% just since the late 1970s. However, before 2010, no other
known studies had examined the association between the consumption of added sugars and
lipid measures, such as HDL-C, TG’s, and LDL-C. In a study that included 6,113 adults, that
found that consuming a higher amount of added sugars in processed or prepared foods is
associated with lower levels of high-density lipoprotein cholesterol (HDL-C, the “good
cholesterol”), higher levels of triglycerides, and overall higher ratios of triglycerides to HDL-C.
The HDL-C incrementally decreased according to the amount of added sugar consumed. This
study did not address the changes that occur with a reduced sugar consumption, that still
requires long-term studies to further elucidate. (article from Science Daily website at
<http://www.sciencedaily.com/releases/2010/04/100420161748.htm>).
Extra Notes of Relevance Directly from the Journal Article Described Above:
Increased carbohydrate consumption has also been associated with higher LDL-C levels. (Welsh
1490). Recent recommendations from the American Heart Association advise limiting added
sugar to fewer than 100 calories daily for women and 150 calories daily for men (approximately
5% of total energy). These new guidelines from the American Heart Association encourage
adults to limit added sugars more than any of the previously issued guidelines. (Welsh 14901496).
The mechanism through which the dysmetabolic effects of carbohydrates occur isn’t
completely understood. Studies suggest that these effects could be mediated by fructose, a
monosaccharide found in large quanitites in nearly all added sugars. Fructose has been shown
to increase de novo lipogenesis in the liver, hepatic triglyceride synthesis, and the secretion of
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very low-density lipoproteins. Fructose also appears to decrease the peripheral clearance of
lipids. (Welsh 1496).
MORE EVIDENCE that decreasing fat/cholesterol leads to an increase in Carbs: Furthermore, it
appears that recommendations to have a diet low in fat and cholesterol for heart health, lead
to a decrease in consumption of added fats and oils that lead to a compensatory increase in the
intakes of refined carbohydrates. (Welsh 1496).

SHOULD FAT BE AVOIDED?
“The approach of many mainstream investigators in studying the effect of consuming saturated
fats has been narrowly focused to produce and evaluate evidence in support of the hypothesis
that dietary saturated fat elevates LDL cholesterol and thus the risk of CAD. The evidence is not
strong, and, overall, dietary intervention by lowering saturated fat intake does not lower the
incidence of nonfatal CAD; nor does such dietary intervention lower coronary disease or total
mortality (31, 61). Unfortunately, the overwhelming emphasis on the role of saturated fats in
the diet and the risk of CAD has distracted investigators from studying any other effects that
individual saturated fatty acids may have on the body. If saturated fatty acids were of no value
or were harmful to humans, evolution would probably not have established within the
mammary gland the means to produce saturated fatty acids—butyric, caproic, caprylic, capric,
lauric, myristic, palmitic, and stearic acids—that provide a source of nourishment to ensure the
growth, development, and survival of mammalian offspring.” (German, J.B.; Dillard, C.J.).
“The proposition, now 50 years old [as of 2001], that dietary fat is a bane to health is based
chiefly on the fact that fat, specifically the hard, saturated fat found primarily in meat and dairy
products, elevates blood cholesterol levels. This in turns raises the likelihood that cholesterol
will clog arteries, a condition known as atherosclerosis, which then increases risk of coronary
artery disease, heart attack, and untimely death. By the 1970s, each individual step of this
chain from fat to cholesterol to heart disease has been demonstrated beyond reasonable
doubt, but the veracity of the chain as a whole has never been proven. In other words, despite
decades of research, it is still a debatable proposition whether the consumption of saturated
fats above recommended levels (step one in the chain) by anyone who’s not already at high risk
of heart disease will increase the likelihood of untimely death (outcome three). Nor have
hundreds of millions of dollars in trials managed to generate compelling evidence that healthy
individuals can extend their lives by more than a few weeks, if that, by eating less fat. To put it
simply, the data remain ambiguous as to whether low-fat diets will benefit healthy Americans.
Worse, the ubiquitous admonishments to reduce total fat intake have encouraged a shift to
high-carbohydrate diets, which may be no better -- and may even be worse -- than high-fat
diets.” (Taubes, Gary pp. 2536-2537).
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“low-fat diets have been shown to exert a potentially deleterious effect on lipoprotein profiles
in some persons (6, 7). As an example, in a study in which healthy, nondiabetic volunteers
consumed diets that contained either 60% of total calories from carbohydrate (25% from fat
and 15% from protein) or 40% from carbohydrate (45% from fat and 15% from protein), the
60%-carbohydrate diet resulted in higher fasting plasma triacylglycerol, remnant lipoprotein,
and remnant lipoprotein triacylglycerol and lower HDL cholesterol without changing LDLcholesterol concentrations. These diets were consumed in random order for 2 wk, with a 2-wk
washout period between them. The effect of the low-fat diet was not limited to higher fasting
plasma triacylglycerol and lower HDL cholesterol, but also included a persistent elevation in
remnant lipoproteins (8). These findings led the investigators to question whether it is wise to
recommend that all Americans replace dietary saturated fat with carbohydrate.” (German, J.B.;
Dillard, C.J.).
“For 20 years, for instance, the Harvard School of Public Health has run the Nurses’ Health
Study and its two sequelae -- the Health Professionals Follow-Up Study and the Nurses’ Health
Study II -- accumulating over a decade of data on the diet and health of almost 300,000
Americans. The results suggest that total fat consumed has no relation to heart disease risk;
that monounsaturated fats like olive oil lower risk; and that saturated fats are little worse, if at
all, than the pasta and other carbohydrates that the Food Guide Pyramid suggests be eaten
copiously. (The studies also suggest that trans fatty acids are unhealthful. These are the fats in
margarine, for instance, and are what many Americans started eating when they were told that
the saturated fats in butter might kill them.) Harvard epidemiologist Walter Willett,
spokesperson for the Nurses’ Health Study, points out that NIH has spent over $100 million on
the three studies and yet not one government agency has changed its primary guidelines to fit
these particular data. “Scandalous,” says Willett. “They say, ‘You really need a high level of
proof to change the recommendations,’ which is ironic, because they never had a high level of
proof to set them.” Indeed, the history of the national conviction that dietary fat is deadly, and
its evolution from hypothesis to dogma, is one in which politicians, bureaucrats, the media, and
the public have played as large a role as the scientists and the science. It’s a story of what can
happen when the demands of public health policy -- and the demands of the public for simple
advice -- run up against the confusing ambiguity of real science....The scientists then got the
blame for not sticking to the original simple story, which had, regrettably, never existed.”
(Taubes, Gary p. 2537 & 2541).
“Numerous studies now suggest that high-carbohydrate diets can raise triglyceride levels,
create small, dense LDL particles, and reduce HDL--a combination, along with a condition
known as “insulin resistance,” that Stanford endocrinologist Gerald Reaven has labeled
“syndrome X.” Thirty percent of adult males and 10 to 15% of postmenopausal women have
this particular syndrome X profile, which is associated with a several-fold increase in heart
disease risk...In other words, the more carbohydrates replace saturated fats, the more likely the
end result will be syndrome X and increased heart disease risk.” (Taubes, Gary p. 2545).
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“Most dietary recommendations aim to reduce SFA intake to 10% of energy. Typically these
recommendations do not specify the replacement macronutrient. The best evidence supports
the benefits of substituting PUFAs for SFAs, but there is usually an upper limit of PUFA included
in these recommendations. Any reductions in SFA intake to ≤10% of energy would require
changes in dietary patterns, ie, a significant increase in intake of carbohydrates and/or MUFArich foods. Evidence from epidemiologic and intervention studies indicates that increasing the
intake of refined (high glycemic index) carbohydrates would not be beneficial, although the
quality of carbohydrates may be important (6).” (Astrup, A. et. al. p. 686).
“We conclude that, to influence the LDL/HDL cholesterol ratio, changing the proportions of
dietary fatty acids may be more important than restricting the percentage of total or saturated
fat energy, at least when derived mainly from lauric and myristic acids, both of which increase
HDL cholesterol....Low fat, high carbohydrate diets decrease HDL cholesterol and increase
triacylglycerol (9,10) and are less effective than diets high in polyunsaturated fatty acids to
decrease serum total cholesterol (3,4). Hu et al. (2) found an inverse association between the
dietary intake of polyunsaturated fatty acids (PUFA)3 and the incidence of coronary disease.
This is in line with several controlled studies demonstrating the cholesterol-decreasing effect of
PUFA when exchanged for saturated fatty acids in the diet (11–13)....Studies on the effects of
high fat vs. low fat diets on serum lipoprotein levels have varied widely in fatty acid
composition; that is, the polyunsaturated/saturated fatty acid (P/S) ratio has varied (12,16,17).”
(Muller, H. et. al.).
“Perhaps surprisingly, reducing total fat intake without altering the composition of dietary fatty
acids does not appear to have a dramatic impact on blood lipids.” (Aparicio-Ruiz, Ramon;
Harwood, John p. 666).
“The assumption that a low-fat diet reduces the ‘bad’ cholesterol (ie, LDL) is an imprecise
notion. While total LDL may be lowered with a reduced intake of dietary fat, if replaced with
carbohydrate, this may increase sdLDL [small, dense] particles (ie, pattern B),10 ,11 which are
more atherogenic than large buoyant LDL particles (ie, pattern A).12 Additionally, data indicate
that a high saturated fat intake lowers sdLDL particles and raises large buoyant LDL particles.13
Thus, replacing carbohydrate with fat may improve the LDL particle size distribution (eg,
pattern B shifted to pattern A). Lastly, if fat is replaced with carbohydrate, this may worsen the
overall lipid profile (decrease in HDL-C, increase in triglycerides and increase in sdLDL particles).
Several other randomised trials indicate that a low-carbohydrate diet reduces weight and
improves lipids more than a low-fat diet.14–18 Thus, reducing carbohydrates, as opposed to
fat, seems to have more favourable effects on atherogenic dyslipidaemia, inflammation,
thrombogenic and atherosclerotic surrogate markers.10–18 From these data, it is easy to
comprehend that the global epidemic of atherosclerosis, heart disease, diabetes, obesity and
the metabolic syndrome is being driven by a diet high in carbohydrate/sugar as opposed to fat,
a revelation that we are just starting to accept.” (DiNicolantonio, J.J.).
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“Although low-density lipoprotein cholesterol (LDL-C) is a strong risk factor for coronary artery
disease (CAD), LDL-C levels are not always elevated in CAD patients. LDL consists of several
subclasses with distinct sizes, densities, and physicochemical compositions....Accumulating
evidence has shown that a predominance of small dense LDL (sd-LDL) is closely associated with
CAD. Moreover, sd-LDL-cholesterol (sd-LDL-C) concentrations are elevated in groups at a high
risk for CAD, such as patients with type 2 diabetes and metabolic syndrome. Therefore, sd-LDL
concentration is recognized as a surrogate marker for CAD.” (Hirayama, S.; Miida, T.).
“Atherogenic dyslipidemia comprises a triad of increased blood concentrations of small, dense
low-density lipoprotein (LDL) particles, decreased high-density lipoprotein (HDL) particles, and
increased triglycerides. A typical feature of obesity, the metabolic syndrome, insulin resistance,
and type 2 diabetes mellitus, atherogenic dyslipidemia has emerged as an important risk factor
for myocardial infarction and cardiovascular disease. A number of genes have now been linked
to this pattern of lipoprotein changes. Low-carbohydrate diets appear to have beneficial
lipoprotein effects in individuals with atherogenic dyslipidemia, compared to high-carbohydrate
diets, whereas the content of total fat or saturated fat in the diet appears to have little effect.”
(Musunuru, Kiran).
“Several studies have shown that diets low in fat and high in carbohydrates decrease HDL
cholesterol concentration (3,12,16,25,28) and this appears to be independent of the content of
polyunsaturated fatty acids (29)....The type of carbohydrate in the low fat diet may possibly be
important both for the reductions in HDL cholesterol and the increase in plasma triacylglycerol
after intake of the LSAFA diet. In healthy free-living men, Turley et al. (31) found that
replacement of saturated fat with carbohydrates from grains, vegetables, legumes and fruit
reduced total and LDL cholesterol, with only a minor effect on HDL cholesterol and
triacylglycerol. Frost et al. (32) suggested that there is a connection between the glycemic index
of the carbohydrates and the level of HDL cholesterol. Thus, intake of carbohydrates with a low
glycemic index results in smaller HDL cholesterol reduction than after intake of carbohydrates
with a higher index (32). In the LSAFA diet most of the eliminated fat was replaced by sucrose
and fructose and thus of high glycemic index, which may have contributed to the depression of
HDL cholesterol. On the other hand, the HDL-decreasing effect has been observed independent
of the content of fiber in the carbohydrate diet (33).” (Muller, H. et. al.).
“The fact that SFAs raise total and LDL cholesterol (lipid hypothesis) is well established by
evidence from metabolic studies, but this paradigm may be too simplistic. Replacing SFAs with
refined carbohydrates also decreases HDL cholesterol and LDL particle size and increases
triglycerides, and highly refined carbohydrates increase plasma glucose. Beyond the lipoprotein
phenotype, the whole metabolic profile is adversely affected by greater intakes of highly
refined carbohydrates, eg, inflammatory markers and thrombotic factors (18). Although the
direct causality of these metabolic changes remains unclear, each of these changes would
predict a higher risk of CHD, which would counterbalance a reduction in LDL cholesterol by
replacing SFAs with carbohydrates. Thus, mechanistic studies of blood lipids are consistent with
epidemiologic studies, which suggest a lack of benefit in replacing SFAs with carbohydrates, and
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the type of carbohydrate (low compared with high glycemic index, refined starch and sugar-rich
beverages compared with whole grains and fruit) should always be taken into account when
data are interpreted. In fact, it is not very meaningful to discuss high-fat compared with low-fat
or carbohydrate diets if one does not concomitantly consider the carbohydrate quality used or
consumed in the population under study.” (Astrup, A. et. al. p. 685).
“The potential harms of replacing saturated fat with carbohydrates
•
Increase in small, dense LDL particles.
•
Shift to an overall atherogenic lipid profile (lower HDL-C, increase in triglycerides and an
increase in the ApoB/ApoA-1 ratio).
•
Smaller improvements in glucose tolerance, body fatness, weight, inflammation and
thrombogenic markers.
•
Increased incidence of diabetes and obesity.” (DiNicolantonio, J.J.).
“Data are lacking in the support of a low-fat diet. In the low-fat diet in myocardial infarction
trial, a controlled trial was performed to test if a low-fat diet would improve outcomes in 264
men who had recently recovered from a first myocardial infarction.32 Despite the fact that
patients in the low-fat diet group ate significantly less fat (45 g/day vs 110–130 g/day),
consumed less calories (approximately 1950 calories vs 2450 calories), obtained a lower
cholesterol level and achieved a greater fall in body weight than those in the control group,
there was no difference in definite reinfarction or death.
In the Women's Health Initiative (WHI), a randomised controlled trial including 48,835
postmenopausal women, a low-fat diet was not shown to reduce coronary heart disease, stroke
or cardiovascular disease,33 despite a significant reduction in LDL-C, nor was there a reduction
in cancer.34 ,35 A meta-analysis by Siri-tarino et al36 consisting of 21 prospective
epidemiological studies, derived from 347 747 participants, indicated that the intake of
saturated fat does not increase coronary heart disease or cardiovascular disease. Moreover, a
recent Cochrane meta-analysis indicated that changing dietary fat intake does not affect total
mortality or cardiovascular mortality...The final nail in the low-fat diet coffin is two randomised
trials, one for the primary prevention of cardiovascular disease, PREDIMED38 (Prevención con
Dieta Mediterránea), indicating a reduction in the incidence of major cardiovascular events
with a Mediterranean diet compared with a low-fat diet, and the other for the secondary
prevention of cardiovascular disease, the Lyon Diet Heart Study39 showing that a
Mediterranean diet reduces all-cause and cardiovascular mortality as well as non-fatal
myocardial infarction compared with a prudent diet. In summary, the benefits of a low-fat diet
(particularly a diet replacing saturated fats with carbohydrates or Ω-6 polyunsaturated fatty
acids) are severely challenged. Dietary guidelines should assess the totality of the evidence and
strongly reconsider their recommendations for replacing saturated fats with carbohydrates or
Ω-6 polyunsaturated fats.” (DiNicolantonio, J.J.).
“Twenty years ago, government guidelines recommended that all persons consume a low-fat
diet, with the advice being to “avoid too much fat, saturated fat, and cholesterol” (121).
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Consumption of a low-fat diet (defined as one containing 20% of energy from fat) was
subsequently shown to induce atherogenic dyslipidemia (122, 123)....It is now known that a
high-carbohydrate diet can lead to the lipoprotein pattern (124) that characterizes atherogenic
dyslipidemia....Now, the most recent published recommendations are for all persons to reduce
the saturated fat content of their diet (10% of total calories), although it was stated in the
Dietary Guidelines Advisory Committee report (2) that “…no lower limit of saturated fat intake
has been identified.” The summary report by the Institute of Medicine (60) takes this
recommendation one step further by clearly stating that “…there is no intake level of saturated
fatty acids…at which there is no adverse effect.” This nutritional rhetoric is driving the food
industry to respond to governmental and public demands to decrease the amounts of all
saturated fats from the food supply. The agricultural enterprise will continue to lower saturated
fatty acids by every means possible....It was recently pointed out that reducing the proportion
of energy from fat below 30% is not supported by experimental evidence and that advice to
decrease total fat intake has failed to have any effect on the prevalence of obesity, diabetes,
and cardiovascular disease (125)....At this time [2004], research on how specific saturated fatty
acids contribute to CAD and on the role each specific saturated fatty acid plays in other health
outcomes is not sufficient to make global recommendations for all persons to remove saturated
fats from their diet. No randomized clinical trials of low-fat diets (105) or low-saturated fat diets
of sufficient duration have been carried out; thus, there is a lack of knowledge of how low
saturated fat intake can be without the risk of potentially deleterious health outcomes.”
(German, J.B.; Dillard, C.J.).
“To understand where this complexity can lead in a simple example, consider a steak--to be
precise, a porterhouse, select cut, with a half-centimeter layer of fat, the nutritional
constituents of which can be found in the Nutrient Database for Standard Reference at the
USDA website. After broiling, this porterhouse reduces to a serving of almost equal parts fat
and protein. Fifty-one percent of the fat is monounsaturated, of which virtually all (90%) is
oleic acid, the same healthy fat that’s in olive oil. Saturated fat constitutes 45% of the total fat,
but a third of that is stearic acid, which is, at the very least, harmless. The remaining 4% of the
fat is polyunsaturated, which also improves cholesterol levels. In sum, well over half--and
perhaps as much as 70% -- of the fat content of a porterhouse will improve cholesterol levels
compared to what they would be if bread, potatoes, or pasta were consumed instead. The
remaining 30% will raises LDL but will also raise HDL. All of this suggests that eating a
porterhouse steak rather than carbohydrates might actually improve heart disease risk,
although no nutritional authority who hasn’t written a high-fat diet book will say this publicly.”
(Taubes, Gary p. 2543).
“Our findings do not support cardiovascular guidelines that promote high consumption of longchain omega-3 and omega-6 and polyunsaturated fatty acids and suggest reduced consumption
of total saturated fatty acids. First, we saw statistically nonsignificant associations in
prospective studies of coronary disease that involved assessment of dietary intake of long-chain
omega-3 and omega-6 polyunsaturated fatty acids. We found heterogeneity of the associations
between specific circulating long-chain omega-3 and omega-6 polyunsaturated fatty acid

48

composition and coronary disease, with some evidence that circulating levels of
eicosapentaenoic and docosahexaenoic acids (the 2 main types of long-chain omega-3
polyunsaturated fatty acids) and arachidonic acid are each associated with lower coronary
risk....Second, we found essentially null associations between total saturated fatty acids and
coronary risk in studies using dietary intake and in those using circulating
biomarkers....circulating saturated fatty acid fractions reflect both consumption and
endogenous metabolism and synthesis. For example, the influence of metabolism seems
particularly relevant for de novo synthesis of even-numbered saturated fatty acids in the body,
compositions of which are largely determined by dietary factors, including carbohydrate and
alcohol consumption, and other metabolic pathways rather than direct dietary intake...In
addition, total dietary trans fatty acid intake was positively associated with coronary disease
risk in our meta-analysis, which is in line with the present guidelines that support avoidance of
trans fats....In conclusion, the pattern of findings from this analysis did not yield clearly
supportive evidence for current cardiovascular guidelines that encourage high consumption of
polyunsaturated fatty acids and low consumption of saturated fats. Nutritional guidelines on
fatty acids and cardiovascular guidelines may require reappraisal to reflect the current
evidence.” (Chowdhury, R. et. al. p. 403-404).
“An important finding is that persons differ in their response to dietary fat (12). We must
recognize not only that individual responses to types of dietary fat vary but also that different
fats have markedly different effects on serum lipids and lipoprotein concentrations. Evidence
indicates that postprandial triacylglycerol-rich lipoproteins are related to atherogenic risk;
however, few investigations of the effects of individual saturated fatty acids on plasma
lipoproteins have been conducted.” (German, J.B.; Dillard, C.J.).

Monounsaturated Fats May appear to be a better alternative to increased intakes of PUFAs,
particularly omega-6’s:
“Due to existing and emerging research on health attributes of MUFA rich diets, and to the low
prevalence of chronic disease in populations consuming MUFA rich Mediterranean diets,
national dietary guidelines are increasingly recommending dietary MUFA, primarily at the
expense of saturated fatty acids (SFA). Consumption of dietary MUFA promotes healthy blood
lipid profiles, mediates blood pressure, improves insulin sensitivity and regulates glucose levels.
Moreover, provocative newer data suggest a role for preferential oxidation and metabolism of
dietary MUFA, influencing body composition and ameliorating the risk of obesity. Mounting
epidemiological and human clinical trial data continue to demonstrate the cardioprotective
activity of the MUFA content of dietary fat. As the debate on the optimal fatty acid composition
of the diet continues, the benefit of increasing MUFA intakes, particularly as a substitute for
dietary SFA, deserves considerable attention.” (Gillingham, L.G.; Harris-Janz, S.; Jones, P.J.H.).
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“Large prospective cohort studies in the Mediterranean region have revealed that high intakes
of olive oil [103] or nuts [104], both rich sources of MUFA, or adherence to a Mediterranean
diet [105] were not associated with an increase in weight or risk of obesity over the longer term
[103, 104].” (Gillingham, L.G.; Harris-Janz, S.; Jones, P.J.H.).
“...questions still remain as to the optimal dietary replacement for SFA, comparing MUFA
intakes to those of polyunsaturated fatty acids (PUFA) and carbohydrates (CHO). Despite PUFA
numerous cardiovascular benefits, intakes have been limited to ≤10% of energy due to
potential adverse effects, including reduction of high-density lipoprotein cholesterol (HDL-C)
levels and increased susceptibility of low-density lipoprotein (LDL) to oxidation [4, 10].
Furthermore, the replacement of dietary SFA with CHO may result in challenges in glucose
metabolism and insulin resistance, as well as blood triglyceride (TAG) and HDL-C levels [11, 12].
Thus, potential health attributes of increasing MUFA intakes, particularly at the expense of
dietary SFA, deserve careful attention. In light of the recent attention challenging the
cardioprotective benefits of MUFA [13, 14], professional organizations continue to recommend
dietary MUFA for the prevention of CVD [15, 16].” (Gillingham, L.G.; Harris-Janz, S.; Jones,
P.J.H.).
“...the prevalence of MetS[metabolic syndrome] in the United States (34.5%) is approximately
threefold that of Mediterranean countries [25–27]; predominated by the epidemic growth of
obesity in the United States [28]. Currently, approximately 66% of the United States population
are classified as overweight (BMI [ 25 kg/m2) and 33% obese (BMI [ 30 kg/m2) [29]. The
components of the Mediterranean diet are fundamental to the lower prevalence of MetS [30].
Although the Mediterranean diet is complex in nature, rich in fruits, vegetables, and wholegrains, the MUFA content of Mediterranean diets accounts for 16–29% of energy [4], with olive
oil providing 15–30% of energy...Structurally, the common MUFA, palmitoleic acid (16:1n- 7)
and oleic acid (OLA; 18:1n-9), are both cis isomers of MUFA...Oleic acid is the predominate
MUFA in the diet, representing ~92% of cisMUFA.” (Gillingham, L.G.; Harris-Janz, S.; Jones,
P.J.H.).
“The total fat intake from Western diets is similar to that of the Mediterranean diet (Table 2),
however, the type of dietary fat, specifically MUFA, differs vastly. In the United States, MUFA
intakes are 13–14% of energy, SFA intakes are in excess at 11–12% of energy, and PUFA intakes
are 7% of energy, of which 85–89% of PUFA intakes are omega-6 PUFA, principally linoleic acid
(LNA) [4, 32, 33]. Conversely, the majority of total fat intake (33–40% of energy) in the
Mediterranean diet is represented by MUFA, ranging from 16 to 29% of energy, with olive oil as
the principal fat [4, 34, 35]. The high MUFA intake of the Mediterranean diet is at the expense
of SFA, with intakes of SFA <8% of energy. Thus, an inverse relationship between the
Mediterranean diet and coronary heart disease (CHD) risk has been substantiated in both
epidemiological studies and randomized clinical trails [1].” (Gillingham, L.G.; Harris-Janz, S.;
Jones, P.J.H.).
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“As compared to PUFA, MUFA have slightly less or comparable plasma LDL-C and TC lowering
effects, however, ameliorate reductions in HDL-C levels, and potentially provide hypotensive
effects. The majority of epidemiological data favor the cardioprotective activity of dietary
MUFA. More specifically, strong evidence from prospective cohort studies suggests that dietary
MUFA are associated with a 20% reduced risk in CHD events [1]. It has also been well
established that the intake of a Mediterranean diet rich in MUFA contributes to reducing CHD
in both healthy adults and those with established chronic disease.” (Gillingham, L.G.; HarrisJanz, S.; Jones, P.J.H.).
“There is evidence that diets rich in oleic acid and antioxidants increase the oxidative stability of
LDL and may reduce coronary disease.” (Frankel, E.N. p. 13).
“Randomized controlled trials are considered the gold standard for evaluating the causal
relationship between dietary intervention and chronic disease endpoints in humans; however,
to date no randomized controlled trials have investigated dietary MUFA on CVD morbidity
and/or mortality as the clinical endpoint....Large prospective cohort studies are considered to
be the strongest source of evidence of the observational studies. Recently, a systematic review
of 507 prospective cohort studies confirmed the relationship between a Mediterranean diet
and decreased risk of CHD (RR = 0.66; 95% CI 0.57–0.75), evidence that was further confirmed
as effective through pooled analysis of 94 randomized control trials [1]. Of interest, analysis of
the prospective cohort studies revealed strong evidence of an inverse relationship between
dietary MUFA and CHD risk (RR = 0.81; 95% CI 0.68–0.93)....Furthermore, it was estimated that
a 5 or 2% energy replacement of SFA or TFA with MUFA decreased risk of CHD by approximately
30 and 50%, respectively, whereas a 5% energy replacement of MUFA with CHO increased risk
of CHD by approximately 25%. Results of the Finnish ATBC (Alpha- Tocopherol, Beta-Carotene)
Cancer Prevention Study revealed that after adjustment for vitamin E, C, and b-carotene
intakes, an inverse association existed between MUFA intakes and CHD mortality (RR between
the extreme quintiles = 0.73; 95% CI 0.56–0.95)...Taken together, observational evidence
supports dietary MUFA for reduction of CVD risk, however, results from large randomized
controlled trials are crucial to substantiate the cardioprotective effects of dietary MUFA.”
(Gillingham, L.G.; Harris-Janz, S.; Jones, P.J.H.).
“Cardiovascular disease, the clinical outcome of MetS, remains the leading cause of mortality in
the Western population...” (Gillingham, L.G.; Harris-Janz, S.; Jones, P.J.H.).
“Epidemiological studies have demonstrated that the presence of postprandial
hypertriglyceridemia poses an independent risk for coronary atherosclerosis [1–7].
Furthermore, the efficiency with which the body manages incoming dietary lipid can modulate
disease risk in other chronic conditions such as obesity [8], type 2 diabetes [9,10], and nonalcoholic fatty liver disease, NAFLD [11]. Indeed, if poor metabolism of dietary triglyceride (TG)
leads to ectopic lipid deposition, postprandial events may contribute more to disease
development than currently appreciated.” (Lambert, J.E.; Parks, E.J.).
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PUFA OVERCONSUMPTION
In the last century, the intake of omega-6 polyunsaturated fatty acids has risen dramatically due
to the integration of refined vegetable oils into the modern Western diet. Corn, sunflower,
safflower, cottonseed, and soybean oils are all exceptionally high in a particular omega-6
polyunsaturated fatty acid known as linoleic acid. Linoleic acid accounts for as much as 50-80%
of the fatty acids present in these vegetable oils. With the widespread consumption of these
oils, the intake of linoleic acid has risen from around 2% of the total energy intake to at least 7%
in the modern Western diet, making linoleic acid the most abundant polyunsaturated fatty acid
in the human diet. Remarkably, linoleic acid alone has been estimated to account for as much
as 20% of the total dietary fatty acids now consumed in industrialized countries.
Linoleic acid is one of the two essential fatty acids that humans and other animals cannot
synthesize on their own and must obtain from the diet. The other essential fatty acid, alphalinolenic acid, is a type of omega-3 fatty acid. In direct contrast to linoleic acid’s increased
consumption, the intake of alpha-linolenic acid has significantly decreased in the last century.
The increase in linoleic acid coupled with the decrease in alpha-linolenic acid has led to a ratio
of omega-6 to omega-3 polyunsaturates that differs dramatically from the past. The current
ratio of omega-6’s to omega-3’s in the modern Western diet is thought to range from 15:1 in
the US, UK, and northern European industrialized countries all the way up to 50:1 in urban parts
of India where there is an extremely high intake of refined vegetable oils. This is in stark
contrast to the current recommended ratio of 2-1:1, which is thought to more closely match
the intake in pre-industrialized countries as well as the intake way back during the Paleolithic
era.
A high intake of omega-6’s and a high ratio of omega-6’s to omega-3’s:
• promotes oxidation within the body and drives an overactive inflammatory and immune
response making the body more vulnerable to diseases and conditions rooted in inflammation
and auto-immunity
• is involved in the initiation and development of cardiovascular disease
• promotes and increases the risk of developing obesity
• increases the risk of developing cancer
• compromises bone health
• plays a role in many mood and mental health disorders common today
In direct opposition to omega-6’s, omega-3’s suppress inflammation and reduce oxidation
within the body, and promote a healthier immune response.
Each of these effects of consuming a diet high in omega-6 polyunsaturated fatty acids and low
in omega-3’s are discussed further in more detail in the sections below…
Polyunsaturated Fatty Acids, Oxidation, Inflammation, & the Immune Response:
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Polyunsaturated fatty acids play a key role in regulating the immune and inflammatory
responses. An unbalanced ratio in the intake of omega-6’s to omega-3’s alters the production
of chemicals that mediate the inflammatory and immune responses. The omega-6
polyunsaturate linoleic acid is the precursor to the longer chain omega-6 fatty acid arachidonic
acid which is used to synthesize a wide range of lipid signaling molecules formally known as
‘eicosanoids’ that act to stimulate the inflammatory and immune responses. A high omega-6
intake results in the synthesis of considerably more pro-inflammatory chemicals and stimulates
an overreactive immune response which together predisposes individuals to some of the most
prevalent diseases today, many of which are rooted in excess inflammation and/or
autoimmunity. Cardiovascular disease, diabetes, obesity, cancer, arthritis, Alzheimer’s, asthma,
osteoporosis, and depression are just a few of the diseases and conditions in which omega-6’s
pro-inflammatory and immune stimulating effects may play a role in the context of a modern
Western diet rich omega-6’s. A reduced intake of omega-6’s coupled with an increased intake
of omega-3’s results in fewer pro-inflammatory and immune stimulating chemicals being
produced. Omega-3’s can decrease the expression of inflammatory genes and exert other antiinflammatory and immune regulating effects that help protect against the development and
progression of many of these diseases and conditions rooted in excess inflammation and
autoimmunity.
A high intake of omega-6’s can also promote oxidation by increasing the oxidative degradation
of lipids within the body. This oxidation causes further inflammation and through specific
mechanisms appears to contribute to the development and progression of heart disease and
cancer. Unlike omega-6’s, omega-3 polyunsaturates do not promote the oxidative degradation
of lipids, and may actually decrease it, leading to decreased inflammation and risk of heart
disease. Thus, a high degree of unsaturation in a fatty acid does not always result in increased
oxidation. It also may be that the location of the double bonds in omega-3’s makes them less
prone to oxidation than omega-6’s.
Linoleic acid is also the direct precursor of bioactive oxidized linoleic acid metabolites (OXLAMs)
which have been linked through their effects to a wide range of diseases and conditions
including cardiovascular disease, Alzheimer’s, non-alcoholic fatty liver disease, and chronic pain,
among others. OXLAMs are thought to play a central role in the development of cardiovascular
disease. OXLAMs are major components of oxidized LDL (bad) cholesterol that can be
deposited into the vessel wall where they can form fatty streaks and eventually contribute to
the buildup of plaque and the development of ‘atherosclerosis’ characteristic of cardiovascular
disease. OXLAMs are thought to contribute to the formation of ‘foam’ cells that precede
plaque formation, and indeed, OXLAMs have been found in the plaque itself. In mice, a four
fold increase in dietary linoleic acid resulted in a five fold increase in the OXLAM content in
female mammary tissue. Reducing linoleic acid dietary intake has been shown to decrease the
synthesis and abundance of OXLAMs. In study subjects with chronic headaches, lowering
intake of linoleic acid reduced OXLAMs present in their blood and tissues.
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The intake of excessive amounts of the omega-6 linoleic acid from refined vegetable oils further
increases the amount of omega-3’s that must be consumed to obtain adequate omega-3 levels
in the body. A high intake of the omega-6 linoleic acid results in decreased conversion of the
shorter chain omega-3 alpha-linolenic acid to its longer chain omega-3 derivates EPA and DHA,
and further inhibits the incorporation of EPA and DHA into tissues. Thus, a high intake of the
omega-6 linoleic acid directly interferes with the maintenance of adequate levels of the longchain omega-3’s within tissues. As levels of the omega-6 linoleic acid are reduced in the diet, a
significantly lower omega-3 intake is needed to reach adequate omega-3 status as omega-3’s
are more readily incorporated into tissues. For instance, one group of researchers estimates
that in order to reach the desired 1:1 ratio of omega-3’s and omega-6’s in the blood and in
tissues, 2178 mg of omega-3’s must be consumed per day when linoleic acid accounts for 8.91%
of total energy intake. However, when linoleic acid is reduced to 0.8% of total dietary intake,
only 133 mg of omega-3’s are need to reach a balanced ratio within the body. Fats and oils low
in polyunsaturated fatty acids and that have a relatively equal ratio of omega-6’s to omega-3’s
support the synthesis of the maximum amounts of long-chain omega-3’s and enhance
incorporation of EPA and DHA into tissues. Dairy fat has very low levels of polyunsaturated
fatty acids (~3%) and has a ratio of omega-6 to omega-3 of 2:1 making it an ideal fat for
achieving a high rate of long-chain omega-3 fatty acid production. In studies on rats, infants,
and in a monastery study with nuns, long-chain omega-3 status was greater among those on a
diet with dairy fat compared to a diet based upon sunflower oil. Cooking oils that are low in
polyunsaturated fatty acids and higher in monounsaturated fatty acids (i.e. oleic acid) such as
olive oil also support greater synthesis of long-chain omega-3’s from the shorter chain alphalinolenic acid.
Genetic factors make some individuals more susceptible to the negative effects of consuming
high amounts of omega-6’s.:
Genetic variations of the FADS genes known formally as haplotype A and haplotype D underly
differences in abilities to convert short-chain polyunsaturated fatty acids into long-chain
polyunsaturates, and have downstream effects upon the concentrations of polyunsaturates
present in the blood, cells and tissues. Haplotype D supports an enhanced synthesis of longchain polyunsaturates from linoleic and alpha-linolenic acid. This haplotype is specific to
humans and appeared after the split of the common ancestor of humans and Neanderthals.
Haplotype D is nearly fixed in individuals of African descent. It is less frequent in other
populations with only 45% of European white Americans carrying the genetic variation
compared to the 80% prevalence among African Americans. With the consumption of the
modern Western diet rich in linoleic acid, haplotype D supports an increased synthesis of its
long chain derivative arachidonic acid. An increase in arachidonic acid shifts the body into a
pro-inflammatory state with increased levels of oxidation and greater risk of autoimmunity.
Thus, carrying the variant haplotype D in the context of a modern Western diet high in omega6’s raises the risk of coronary heart disease, cancer, obesity, diabetes, and the metabolic
syndrome, among other inflammatory and autoimmune based conditions. Hence, this
particular genetic variant predisposes Africans living in the West to a long list of diseases now
common in industrialized countries.
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Polyunsaturated Fatty Acid Intake & Cardiovascular Disease:
In spite of advice by health and governing bodies to raise levels of intake of all polyunsaturated
fatty acids including omega-6’s to help prevent and treat heart disease, multiple lines of
evidence now indicate that raising omega-6’s provides no cardiovascular benefits, and actually
can promote the initiation and development of cardiovascular disease. Like other chronic
diseases prevalent in the modern Western world today, excess inflammation is thought to play
an integral role in the initiation and development of cardiovascular disease. Abnormal levels of
inflammation in the blood and in the blood vessel walls promotes the growth of plaque. This
excess inflammation is driven by the pro-inflammatory ‘eicosanoid’ molecules that are
synthesized from omega-6’s. Therefore, by increasing the intake of omega-6 polyunsaturates,
more of these pro-inflammatory molecules can be produced, and the stage is set for excess
inflammation to promote the buildup of plaque.
Besides promoting inflammation, the ‘eicosanoid’ molecules produced from omega-6’s also
promote the narrowing of blood vessels, increases in blood pressure, and enhance the blood’s
ability to form clots. These pro-inflammatory molecules may also promote oxidation which also
plays a role in the development of cardiovascular disease. Eicosanoids are also synthesized
from omega-3’s, but in direct contrast to omega-6 derived eicosanoids, they reduce the ability
for the blood to clot, increase the dilation of blood vessels, lower blood pressure, and have
powerful anti-inflammatory effects.
Omega-6’s are commonly cited as being protective against cardiovascular disease due to their
cholesterol lowering properties. While it is true that they do lower levels of blood cholesterol,
it should be noted that they lower both the good and the bad cholesterol. Thus, the benefits
that might be derived from lowering LDL, the bad cholesterol, are likely countered by decreases
in good cholesterol HDL which plays a critical role in the prevention and reversal of plaque
buildup.
When saturated fatty acids are replaced with omega-6 fatty acids in the diet, the omega-6
content in LDL (bad) cholesterol and other blood lipids is increased, rendering them more
susceptible to oxidation. Once LDL is oxidized it is more likely to contribute to plaque buildup.
Oxidized LDL has been found to be present in vessel walls where its presence triggers a cascade
of immune responses that if not well executed begins a cycle of events that result in the
buildup of plaque and the development of cardiovascular disease. Any plaques already present
when a high omega-6 diet is consumed will also increase their content of omega-6 which via
increased inflammation and oxidation is thought to predispose a plaque to rupture.
In a review that pooled together data from three randomized control trials that included 9,569
participants who increased their consumption of omega-6’s from corn and/or safflower oils,
there was found to be a 13% increased risk for non-fatal heart attack and coronary heart
disease related death. In the largest randomized control trial yet done that raised omega-6’s,
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the risk of non-fatal heart attack and coronary heart disease related death was significantly
increased among women who consumed the high omega-6 diet for a year or less. In the Lyon
Diet Heart Study (LDHS), the treatment group (302 men who had a previous history of heart
attack) replaced high linoleic oils and spreads with low linoleic olive oil and rapeseed oil and
rapeseed based margarine resulting in a 32% lower intake of linoleic acid. After 27 months, the
occurrence of non-fatal heart attack and death from coronary heart disease as well as overall
mortality were reduced relative to the control group by an astounding 73% and 70%,
respectively. This study demonstrates that lowering linoleic acid to 3% of the total energy
intake in the context of a Mediterranean diet has profound reductions on coronary heart
disease risk.
Polyunsaturated Fatty Acid Intake & Obesity:
A high intake of omega-6’s and a disproportionate ratio of omega-6’s to omega-3’s are
associated with weight gain and an increased risk of obesity in both animal and human studies,
while a high omega-3 fatty acid intake reduces the risk of weight gain and obesity, and may
reduce weight gain in already obese animals and humans. Interestingly, in mice a high omega-6
fatty acid diet during pregnancy results in increased body fat of offspring that continues to
increase over generations.
With the increasing intake of the omega-6 linoleic acid, there has also been an increase in the
linoleic content of adipose (fat) tissue. This has led to a significant increase in linoleic’s longchain omega-6 derivative arachidonic acid in adipose. Certain eicosanoids (lipid-derived
signaling agents) derived from arachidonic acid have been found to stimulate the expansion of
adipose tissue, and inhibit the conversion of ‘white’ fat to the more metabolically active
‘brown’ adipose tissue that dissipates energy from burning fat as heat instead of using it to
synthesize triglycerides to be stored as fat. Omega-3’s on the other hand reduce fat deposition
by suppressing lipid synthesizing enzymes and increasing the beta-oxidation (burning) of fat.
Based on animal studies, a high intake of omega-6’s may also have negative effects upon
appetite regulation. As omega-6’s are precursors to endocannabinoids, an increase in omega-6
intake results in hyperactivity of the endocannibinoid system with downstream consequences
upon regulation of appetite, metabolism and overall energy balance. Sustained hyperstimulation of the endocannabinoid system has been shown to enhance appetite and
contribute to obesity through a variety of mechanisms. Omega-3’s appear to help regulate
appetite for the maintenance of a healthy body weight.
Polyunsaturated Fatty Acids, Gene Expression & Cancer:
Polyunsaturated fatty acids are known to elicit epigenetic effects within cells, that is, they are
capable of altering the expression of genes. Further, polyunsaturated fatty acid have recently
been shown to alter the epigenome in colon cancer cell lines. Separate from their effects upon
the epigenome, polyunsaturated fatty acids can also alter gene expression by regulating the
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activity of proteins that bind to certain regions of DNA to affect the expression of particular
genes with downstream consequences on metabolism and health.
The omega-6 linoleic acid has been shown to promote the abnormal growth of tissues. Certain
eicosanoids (signaling agents) derived from omega-6’s promote cell proliferation (an increase in
cell numbers) which if left unchecked contributes to the growth of tumors. This is in line with
evidence indicating an association between omega-6 polyunsaturated fatty acid intake and
cancer. There is some evidence that excess omega-6’s can contribute to the development of
breast and prostate cancer. In direct opposition to omega-6’s, omega-3’s have been shown to
inhibit the growth of tumors.
Polyunsaturated Fatty Acid Intake & Bone Health:
There is evidence that a high intake of omega-6’s and a misbalanced ratio of omega-6’s to
omega-3’s has negative effects upon bone health, potentially even increasing the risk of
osteoporosis. High levels of eicosanoids—signaling agents—derived from omega-6’s stimulate
the breakdown of bone and reduce bone formation. Omega-3’s, however, are supportive of
bone health by enhancing bone formation. In one study of elderly women with osteoporosis,
supplementation with fish oil resulted in increased markers of bone formation, and reduced
signals of bone breakdown. In animal models, omega-3’s have been shown to reduce
postmenopausal bone loss. It has also been proposed that a deficiency in omega-3’s underlies
the observed association between clinical depression and lower bone density, and that both
conditions can benefit from omega-3 supplementation.
Polyunsaturated Fatty Acid Intake & Mood and Mental Health Disorders:
A high intake of omega-6’s relative to omega-3’s may increase vulnerability to the negative
effects of stress upon health. Students with higher ratio of omega-6:omega-3 were found to
produce more pro-inflammatory chemicals in response to the psychological stress of exams. In
another study, elderly humans with a higher omega-6:omega-3 ratio were more vulnerable to
the psychological and immune-suppressing effects of stress than those who had a more
balanced ratio of polyunsaturates.
In mice, the administration of a diet high in omega-6’s during pregnancy and lactation resulted
in elevated anxiety levels in their offspring and alterations in offspring sociability that
resembled autistic-like behavior in humans. Interestingly, a greater ratio of omega-6’s to
omega-3’s has been observed in children with autism. Several potential mechanisms have been
proposed as to how an excess of omega-6’s and a deficiency in omega-3’s may be supportive of
the development of autism in humans, but whether there is a true direct link between the
disorder and a misbalanced polyunsaturated intake has not yet been firmly established and
requires further study. Besides autism, an imbalanced ratio of omega-3’s to omega-6’s has
been associated with the incidence of several other developmental and behavioral disorders in
children suggesting that a misbalanced polyunsaturate intake may pose as a risk factor for such
conditions.
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Diets rich in omega-6’s and inadequate in omega-3’s are thought to increase the risk of
depression. Low levels of omega-3’s in the blood have been associated with both the incidence
and severity of depressive symptoms. Higher omega-6 to omega-3 ratios were found in
depressed individuals compared to those without depression. Alterations in the balance of
omega-3’s and omega-6’s results in changes in serotonin receptor number and function.
Omega-6’s ability to promote inflammation through the increased production of proinflammatory signaling agents may also underly the link between a high intake of omega-6’s
and depression. Excess inflammation and elevated levels of these pro-inflammatory molecules
derived from omega-6’s have been observed in individuals with depression. Besides
depression, abnormally high levels of inflammation have been implicated in a range of
conditions affecting the nervous system such as chronic headaches and migraines, and even
Alzheimer’s. There is a growing body of evidence to suggest that supplemental omega-3’s may
be used therapeutically in the treatment of depression and other conditions rooted in excess
inflammation within the nervous system.
Evidence for the above Summaries:
Major Sources of linoleic (omega-6): “Plant tissues and plant oils tend to be rich sources of
linoleic and a-linolenic acids. For example, linoleic acid contributes over 50% and often up to
80% of the fatty acids found in corn, sunflower, safflower and soybean oils.” (Calder & Grimble
2002).
“…it is essential that every effort is made to decrease the omega-6 fatty acids in the diet, while
increasing the omega-3 fatty acid intake. This can be accomplished by (1) changing dietary
vegetable oils high in omega-6 fatty acids (corn oil, sunflower, safflower, cottonseed, and
soybean oils) to oils high in omega-3s (flax, perilla, chia, rapeseed), and high in
monounsaturated oils such as olive oil, macadamia nut oil, hazelnut oil, or the new high
monounsaturated sunflower oil; and (2) increasing fish intake to 2–3 times per week, while
decreasing meat intake.” (Simopoulos, A.P. 2016).
“Purslane, a wild plant, in comparison to spinach, red leaf lettuce, buttercrunch lettuce and
mustard greens, has eight times more ALA than the cultivated plants…The fatty acid
composition of egg yolk from free-ranging chicken has an omega-6:omega-3 ratio of 1.3
whereas the United State Department of Agriculture (USDA) egg has a ratio of 19.9.”
(Simopoulos, A.P. 2016).
(Simopoulos, A.P. 2016)
Requirements and Sources of PUFA & general biological functions:
“The essentiality of the n-6 fatty acid, linoleic acid, was established about 80 years ago(1,2); the
essentiality of the n-3 analogue, a-linolenic acid, became accepted rather later(3,4). The intakes
of these fatty acids necessary to avoid deficiency are quite low (estimated to be 1 and 0·2 % of
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energy intake, respectively, corresponding to intakes in adults of about 2 and 0·4g/d), and all
diets should obviously provide at least these amounts.” (Calder 2010).
“PUFA regulate a wide variety of biological functions, depending on the location of the last
double bond, which range from blood pressure and blood clotting to the correct development
and functioning of the brain and nervous system [2]. In addition, lipid mediators generated
from long-chain (LC-) PUFA (arachidonic acid (AA) in the n-6 series and eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) in the n-3 series) have important roles in immune
regulation and inflammation [3]. The main dietary sources of LA include plant oils such as
sunflower, safflower, and corn oils (Table 1), but they are also present in cereals, animal fat,
and wholegrain bread. Rich dietary sources of ALA include green leafy vegetables, flaxseed, and
rapeseed oils [2] (Table 1)….PUFA play an important role in the composition of all cell
membranes where they maintain homeostasis for correct membrane protein function and
influence membrane fluidity, thus regulating cell signalling processes, cellular functions and
gene expression.” (Patterson et al. 2012).
“Ingestion of PUFA will lead to their distribution to virtually every cell in the body with effects
on membrane composition and function, eicosanoid synthesis, cellular signaling and regulation
of gene expression.” (Benatti, Peluso, Nicolai, & Calvani 2004).
“Focusing solely on dietary intakes of omega-3 HUFAs is not sufficient. This is because when
dietary intakes of omega-6 fats are below 4 en% fewer omega-3 HUFAs are needed in the diet
to reach healthy tissue compositions of omega-3 HUFAs. LA intakes of 2 to 3 en% are typically
found in Mediterranean diets and this 2 en% intake is also recommended by an international
body of essential fatty acid scientists (ISSFAL). For example, Cleland et al reported higher
incorporation of EPA into neutrophil membranes after fish oil supplementation among
participants eating a diet low in LA and high in oleic acid compared to participants on a diet
high in LA. We have estimated that to achieve a 50/50 balance of n-3 HUFAs to n-6 HUFAs in
blood and tissues, 2178 mg/d of n-3 HUFAs are needed when the background diet contains 8.91
en% of omega-6 LA, but only 133 mg/d of n-3 HUFAs when the diet contains .8 en% of omega-6
LA. This provides an approximate omega-3 index of 12. Our research team were also able to
calculate that during the 20th century omega-6 LA consumption rose from 2.23 en% to at least
7.21 en% and that this was primarily due to an increased consumption of soybean oil.” (Hibbeln
& Gow 2014).
“Linoleic acid (LA, 18:2n-6) is a major constituent of the North American diet, accounting for
approximately 7% of daily caloric intake and 20% of total dietary fatty acids (~16 g LA / day) [1].
This intake is more than three-fold higher than the historic norm of 2%, owing mainly to the
increased consumption of seed oils containing 20–54% LA of total fatty acids [1]. The
biochemical and health implications of this change are not fully understood.” (Taha et al. 2014).
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“LA and AA are precursors to bioactive LA oxidation products [7] and eicosanoids [8],
respectively, which have been implicated in pathological conditions such as non-alcoholic
steatohepatitis, Alzheimer disease and asthma [9–11]. By contrast, n-3 EPA, DPA and DHA can
be converted into anti-inflammatory and pro-resolving lipid mediators [12, 5, 13, 14].” (Taha et
al. 2014).
“Over the past two decades, there has been a marked shift in the fatty acid composition of the
diets of industrialized nations towards increased intake of the n-6 fatty acid linoleic acid (LA,
18:2n-6), largely as a result of the replacement of saturated fats with plant-based
polyunsaturated fatty acid (PUFA). While health agencies internationally continue to advocate
for high n-6 PUFA intake combined with increased intakes of preformed n-3 long-chain PUFAs
(LCPUFA) docosahexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic acid (EPA, 20:5n-3) to
reduce the incidence of cardiovascular disease (CVD), there are questions as to whether this is
the best approach. LA competes with alpha-linolenic acid (18:3n-3) for endogenous conversion
to the LC derivatives EPA and DHA, and LA also inhibits incorporation of DHA and EPA into
tissues. Thus, high-LA levels in the diet generally result in low n-3 LCPUFA status.” (Gibson,
Muhlhausler, & Makrides 2011).
“The typical Western diet has undergone a marked evolution over the past few decades, largely
as a result of recommendations from health agencies to reduce the intake of saturated fats and
to replace these with plant-based polyunsaturated fatty acid (PUFA), which are mostly high in
linoleic acid (LA). These recommendations have produced a notable shift in the food industry,
with lard and butter being replaced with vegetable-based oils and spreads based initially on
sunflower oil but increasingly replaced with soy and canola oils. Most commonly used
vegetable oils are rich in LA and lower in n-3 PUFA. This FA profile contrasts markedly with that
of their predecessors, as both butter and other animal fats contained little n-6 PUFA and higher
amounts of monounsaturated and saturated FAs (Gibson et al. 2009). Tracked over time, what
emerges is a progressive and marked increase in LA intake, coupled with a progressive (but
more modest) reduction in dietary intake of n-3 long-chain PUFA (LCPUFA) (Ailhaud et al.
2006).” (Gibson, Muhlhausler, & Makrides 2011).
“Interestingly, dairy fat has very low levels of PUFA (∼3%), and the LA : ALA ratio would seem to
be ideal (2:1) to allow maximal endogenous synthesis of DHA. Sinclair et al. demonstrated in
butter fat-fed rats that the level of DHA was high (Naughton et al. 1988). More important are
the findings of others who have shown that infants fed formulas based on dairy fats (Sanders &
Naismith 1979) or indeed evaporated milk (Courage et al. 1998) have LCPUFA status midway
between those fed formulas enriched with LA-rich vegetable oils and those fed breast milk.
Finally, in their interesting monastery study, Lasserre and co-workers (Baudet et al. 1984)
reported that the level of n-3 LCPUFA in nuns consuming a dairy fat-based diet was superior to
the same group when they consumed a sunflower oil-based diet.
The use of cooking oils that are low in PUFA such as dairy and highly monounsaturated oil
blends may confer some metabolic advantages in that they allow better endogenous
conversion of ALA from vegetables through to EPA and DHA. Naturally, there may be negative
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consequences in terms of CVD risk if fats with a high saturated fat content are used. However, it
is noted that there is increasing debate about the association between saturated fat intake and
deaths from CVD (Siri-Tarino et al. 2010).” (Gibson, Muhlhausler, & Makrides 2011).
“Many animal studies have confirmed that relative conversion of LA to AA and ALA to EPA, and
thus the balance of EPA and AA in tissues, is determined by the ratio of LA and ALA carbon
substrates in the diet (Lands et al. 1990)…It is easy to see that LA-dominant diets result in AA as
the major accumulated 20-carbon PUFA in tissues and that EPA can only accumulate when the
LA : ALA ratios of diets are low…In addition to the inhibition of n-3 LCPUFA synthesis, there are
data from both animals and humans that diets containing high amounts of LA are associated
with reduced incorporation of preformed n-3 LCPUFA into tissue phospholipids (McMurchie et
al. 1990; Lands et al. 1992). In one of these studies, preformed EPA was given to non-human
primates consuming a background diet containing either low (7%) or high (33%) levels of LA,
and incorporation of EPA into tissue phospholipids was significantly lower in the high-LA group
(McMurchie et al. 1990)…As indicated in the synthetic pathway for n-3 and n-6 FAs (Fig. 1),
increasing the level of dietary ALA will automatically provide more substrate for conversion to
EPA. However, unlike the accumulation of EPA, the further metabolism of EPA to DHA is not
simple, and high levels of dietary ALA actually have the capacity to inhibit one of the last steps
in the synthesis of DHA, namely, the desaturation of 24:5n-3…The same phenomenon has been
demonstrated in human studies. Chan and colleagues conducted a dose–response study in
which the ALA content of the diet ranged from 0.8 to 13.4% energy and LA : ALA ratio ranged
from 0.3 to 27, and showed a dose-dependent increase in the concentrations of EPA, but not
DHA (Chan et al. 1993). Mantzioris et al. reported similar findings in earlier studies (Mantzioris
et al. 1994).” (Gibson, Muhlhausler & Makrides 2011).
PUFA Intake & Inflammation:
“A balance between the omega-6 and omega-3 fatty acids is a physiological state that is less
inflammatory in terms of gene expression, prostaglandin and leukotriene metabolism, and
interleukin-1 (IL-1) production.” (Simopoulos, A.P. 2016).
“Polyunsaturated fatty acids in the plasma membranes are converted into a number of
important, very active, short-lived, hormone-like compounds referred to as “eicosanoids.””
(Benatti, Peluso, Nicolai, & Calvani 2004).
“In the typical Western diet, 20–25-fold more n−6 fats than n−3 fats are consumed (4). This
predominance of n−6 fat is due to the abundance in the diet of linoleic acid (LA; 18:2n−6),
which is present in high concentrations in soy, corn, safflower, and sunflower oils. By contrast,
there is a low intake of the n−3 homologue of LA, α-linolenic acid (ALA; 18:3n−3), which is
present in leafy green vegetables and in flaxseed and canola oils. Once ingested, the 18-carbon
fatty acids are desaturated and elongated to 20-carbon n−6 fatty acids. LA is converted to AA
and ALA is converted to eicosapentaenoic acid (EPA; 20:5n−3). Compared with LA, there is little
dietary intake of AA and EPA, which are present in meat and fish, respectively… EPA, the n−3
homologue of AA, can inhibit AA metabolism competitively via these enzymatic pathways and,
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thus, can suppress production of the n−6 eicosanoid inflammatory mediators. EPA is a potential
cyclooxygenase substrate for the synthesis of PGE3, which also has inflammatory activity,
although PGE3 synthesis occurs with low efficiency or not at all (6, 7). EPA is also a 5lipoxygenase substrate and can lead to the formation of LTB5, but LTB5 has little inflammatory
activity compared with LTB4 (8, 9). Thus, increasing dietary n−3 fats can shift the balance of the
eicosanoids produced to a less inflammatory mixture (Figure 2⇓).” (James, Gibson, Cleland
2000).
“Arachidonic acid (AA) derived n-6 eicosanoids (primarily from refined vegetable oils such as
corn, sunflower, and safflower) increase the production of proinflammatory cytokines,
operating as precursors of the proinflammatory eicosanoids of the prostaglandin (PG)2-series
(5). In contrast, the n-3 PUFAs, found most abundantly in fish, fish oil, walnuts, wheat germ,
and flaxseed can curb the production of AA-derived eicosanoids (5, 8). Thus it is not surprising
that both higher levels of n-3 PUFAs as well as lower n-6:n-3 ratios are associated with lower
proinflammatory cytokine production (9).” (Kiecolt-Glaser, J.K. et al. 2007).
“Increases in the ratio of n-6 : n-3 PUFA, characteristic of the Western diet, could potentiate
inflammatory processes and consequently predispose to or exacerbate many inflammatory
diseases. The change in ratio and increase in n-6 PUFA consumption change the production of
important mediators and regulators of inflammation and immune responses towards a
proinflammatory profile. Chronic conditions such as CVD, diabetes, obesity, rheumatoid
arthritis, and IBD are all associated with increased production of PGE2, LTB4, TXA2, IL-1β, IL-6,
and TNF-α, whereby the production of these factors increases with increased dietary intake of
n-6 PUFA and decreased dietary intake of n-3 PUFA.” (Patterson et al. 2012).
“Thus, a diet with a high ratio of n-6 to n-3 ratio may enhance risk for both depression as well
as inflammatory-related diseases.
Indeed, proinflammatory cytokines influence the onset and course of a spectrum of conditions
associated with aging, including CHD, osteoporosis, arthritis, type 2 diabetes, about 15% of
cancers, Alzheimer’s disease, and periodontal disease (31, 44, 45).” (Kiecolt-Glaser, J.K. et al.
2007).
“Linoleic acid (LA) is the most abundant polyunsaturated fatty acid in human diets, a major
component of human tissues, and the direct precursor to the bioactive oxidized LA metabolites
(OXLAMs), 9- and 13 hydroxy-octadecadienoic acid (9- and 13-HODE) and 9- and 13-oxooctadecadienoic acid (9- and 13-oxoODE). These four OXLAMs have been mechanistically linked
to pathological conditions ranging from cardiovascular disease to chronic pain. Plasma OXLAMs,
which are elevated in Alzheimer’s dementia and non-alcoholic steatohepatitis, have been
proposed as biomarkers useful for indicating the presence and severity of both conditions.
Because mammals lack the enzymatic machinery needed for de novo LA synthesis, the
abundance of LA and OXLAMs in mammalian tissues may be modifiable via diet. To examine
this issue in humans, we measured circulating LA and OXLAMs before and after a 12-week LA
lowering dietary intervention in chronic headache patients. Lowering dietary LA significantly
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reduced the abundance of plasma OXLAMs, and reduced the LA content of multiple circulating
lipid fractions that may serve as precursor pools for endogenous OXLAM synthesis. These
results show that lowering dietary LA can reduce the synthesis and/or accumulation of oxidized
LA derivatives that have been implicated in a variety of pathological conditions.” (Ramsden, C.E.
et al. 2012).
“Oxidized linoleic acid metabolites (OXLAMs) are pleiotropic bioactive derivatives of linoleic
acid (LA, 18:2n-6) that have been implicated in a variety of pathological conditions
[1,2,3,4,5,6,7,8,9]. As a major component of oxidized low-density lipoprotein (LDL) [7,10,11]
and atherosclerotic plaques [12,13], OXLAMs are reported to play a central role in foam cell
formation and the pathogenesis of atherosclerosis [4,8,14]. OXLAMs also can act as
endogenous TRPV1 receptor channel activators (i.e. endovanilloids)[1,2], facilitating peripheral
and central pain sensitization. Circulating OXLAMs, which are elevated in Alzheimer’s dementia
[15] and non-alcoholic steatohepatitis (NASH)[3], have been proposed as mechanism-based
biomarkers useful for indicating the presence and severity of both conditions. LA is the most
abundant polyunsaturated fatty acid in human diets [16,17,18], a major component of human
tissues, and the direct precursor to the OXLAMs 9- and 13- hydroxy-octadecadienoic acid (9and 13-HODE) and 9- and 13-oxo-octadecadienoic acid (9- and 13-oxoODE)[19] (Fig.1). LA
oxidation can proceed enzymatically via the actions of 12/15-lipoxygenase, cyclooxygenase or
the cytochrome P450 enzyme family [19,20], or non-enzymatically via free radical-mediated
oxidation [21].” (Ramsden, C.E. et al. 2012).
“We report for the first time that lowering dietary LA reduces OXLAMs in humans, here among
subjects with chronic headaches. This link between dietary LA and OXLAMs may have important
implications for pathological conditions linked to increased activity or abundance of OXLAMs
(e.g. chronic pain, Alzheimer’s dementia, cardiovascular disease, NASH) [1,2,3,15]. To our
knowledge, this is the first demonstration that changes in dietary LA can alter the abundance of
plasma OXLAMs in humans, or that lowering dietary LA reduces the abundance of OXLAMs in
any tissue in a human or animal model. Our findings are consistent with a report [29] that a 4fold increase in dietary LA (from corn oil) produced a 5-fold increase in the 9- and 13-HODE
content of mammary tissue in female mice. Collectively, these observations indicate that
dietary LA may hold proximal control over the production and/or accumulation of OXLAMs in
certain tissues.” (Ramsden, C.E. et al. 2012).
“OXLAMs are among the most abundant oxidized fatty acid derivatives in human plasma…As a
major component of oxidized LDL [7] as well as the foam cells and migrating vascular smooth
muscle cells found in atherosclerotic lesions [12,13], OXLAMs have been implicated in
cardiovascular disease (CVD) pathogenesis [4,8,9]. Therefore, the diet-induced reductions in
circulating OXLAMs demonstrated here may have clinical relevance for CVD risk reduction.”
(Ramsden, C.E. et al. 2012).
“Many antiinflammatory pharmaceutical products inhibit the production of certain eicosanoids
and cytokines and it is here that possibilities exist for therapies that incorporate n−3 and n−9
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dietary fatty acids. The proinflammatory eicosanoids prostaglandin E2 (PGE2) and leukotriene
B4 (LTB4) are derived from the n−6 fatty acid arachidonic acid (AA), which is maintained at high
cellular concentrations by the high n−6 and low n−3 polyunsaturated fatty acid content of the
modern Western diet. Flaxseed oil contains the 18-carbon n−3 fatty acid α-linolenic acid, which
can be converted after ingestion to the 20-carbon n−3 fatty acid eicosapentaenoic acid (EPA).
Fish oils contain both 20- and 22-carbon n−3 fatty acids, EPA and docosahexaenoic acid. EPA
can act as a competitive inhibitor of AA conversion to PGE2 and LTB4, and decreased synthesis
of one or both of these eicosanoids has been observed after inclusion of flaxseed oil or fish oil
in the diet. Analogous to the effect of n−3 fatty acids, inclusion of the 20-carbon n−9 fatty acid
eicosatrienoic acid in the diet also results in decreased synthesis of LTB4. Regarding the
proinflammatory ctyokines, tumor necrosis factor α and interleukin 1β, studies of healthy
volunteers and rheumatoid arthritis patients have shown ≤90% inhibition of cytokine
production after dietary supplementation with fish oil. Use of flaxseed oil in domestic food
preparation also reduced production of these cytokines. Novel antiinflammatory therapies can
be developed that take advantage of positive interactions between the dietary fats and existing
or newly developed pharmaceutical products.” (James, Gibson, Cleland 2000).
“Inflammation is part of the normal host response to infection and injury. However, excessive
or inappropriate inflammation contributes to a range of acute and chronic human diseases and
is characterized by the production of inflammatory cytokines, arachidonic acid–derived
eicosanoids (prostaglandins, thromboxanes, leukotrienes, and other oxidized derivatives), other
inflammatory agents (eg, reactive oxygen species), and adhesion molecules. At sufficiently high
intakes, long-chain n−3 polyunsaturated fatty acids (PUFAs), as found in oily fish and fish oils,
decrease the production of inflammatory eicosanoids, cytokines, and reactive oxygen species
and the expression of adhesion molecules. Long-chain n−3 PUFAs act both directly (eg, by
replacing arachidonic acid as an eicosanoid substrate and inhibiting arachidonic acid
metabolism) and indirectly (eg, by altering the expression of inflammatory genes through
effects on transcription factor activation). Long-chain n−3 PUFAs also give rise to a family of
antiinflammatory mediators termed resolvins. Thus, n−3 PUFAs are potentially potent
antiinflammatory agents. As such, they may be of therapeutic use in a variety of acute and
chronic inflammatory settings. Evidence of their clinical efficacy is reasonably strong in some
settings (eg, in rheumatoid arthritis) but is weak in others (eg, in inflammatory bowel diseases
and asthma). More, better designed, and larger trials are required to assess the therapeutic
potential of long-chain n−3 PUFAs in inflammatory diseases. The precursor n−3 PUFA α-linolenic
acid does not appear to exert antiinflammatory effects at achievable intakes.” (Calder 2006).
Genetic Factors may predispose individuals to negative effects of high omega-6’s:
“There are important genetic variables in fatty acid biosynthesis involving FADS1 and FADS2,
which encode rate-limiting enzymes for fatty acid metabolism. Ameur et al. performed
genotype-wide genotyping of the FADS region in five European population cohorts and
analyzed available genomic data from human populations, archaic hominins, and more distant
primates. Their results show that present-day humans have two common FADS haplotypes A
and D that differ dramatically in their ability to generate long-chain polyunsaturated fatty acids
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(LC-PUFAs). The most common haplotype, denoted haplotype D, was associated with high
blood lipid levels whereas the less common haplotype (haplotype A) was associated with low
blood lipid levels. The haplotype D associated with the enhanced ability to produce AA and EPA
from their precursors LA and ALA respectively is specific to humans and has appeared after the
split of the common ancestor of humans and Neanderthals. This haplotype shows evidence of a
positive selection in African populations in which it is presently almost fixed and it is less
frequent outside of Africa. Haplotype D provides a more efficient synthesis of LC-PUFAs and in
today’s high LA omega-6 dietary intake from vegetable oils, it leads to increased synthesis of AA
and LA. As a result Haplotype D represents a risk factor for coronary heart disease (CHD),
cancer, obesity, diabetes and the metabolic syndrome, adding further to health disparities in
populations of African origin living in the West, in addition to lower socioeconomic
status….Genetic variants in FADS cluster are determinants of long-chain PUFA levels in
circulation, cells and tissues. These genetic variants have been studied in terms of ancestry,
and the evidence is robust relative to ethnicity. Thus, 80% of African Americans and about 45%
of European Americans carry two copies of the alleles associated with increased levels of AA. It
is quite probably that gene-PUFA interactions induced by the modern Western diet are
differentially driving the risk of diseases of inflammation (obesity, diabetes, atherosclerosis and
cancer) in diverse populations.” (Simopoulos, A.P. 2016).

PUFA Intake & Cardiovascular & Vascular Health:
“Under normal physiological conditions, healthy endothelial cells synthesise and release
adequate amounts of NO, PGI2, and PGE1, maintaining a downstream balance between proand anti- inflammatory molecules. However, in atherosclerosis, this balance becomes
disrupted, leaning towards an increase in the production of proinflammatory cytokines such as
IL-1, IL-2, IL-6 and TNF-α, resulting in the further progression of the disease [110]. These
proinflammatory cytokines can induce oxidative stress by enhancing the production of ROS by
monocytes, macrophages, and leukocytes. Since PUFA and their eicosanoid derivatives
modulate inflammation, they play a significant role in this disease [26]. Decreases in ALAderived LC-PUFA such as EPA and DHA seen in endothelial cell PUFA deficiency, increases the
production of proinflammatory cytokines and free radicals which results in the development of
insulin resistance [26]. As an example, early studies in Greenland Eskimos, a population
consuming a high-fat diet, but rich in n-3 PUFA, showed that ingestion of EPA and DHA led to
decreases in the mortality rate from CVD [111]. Similarly, Japanese populations eat more fish
than North Americans and present a lower rate of acute myocardial infarction and
atherosclerosis [112, 113]. Other later studies have further demonstrated strong associations
between n-3 PUFA intake and decreased risks of CVD [114– 116].
The role of n-6 PUFA in CVD is much more complex than the role of n-3 PUFA. PGE2, PGF2α,
TXA2, and LTs produced from AA metabolism are proinflammatory [110]. TXA2 acts as a potent
vasoconstrictor and powerful activator of platelet aggregation [117]. Studies have shown that
TXA2 promotes the initiation and progression of atherosclerosis by regulating platelet
activation and leukocyte-endothelial cell interactions [118]. LTB4 acts as a potent chemotactic
agent, inducing the generation of ROS, activating neutrophils, and inducing the aggregation and
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adhesion of leukocytes to the vascular endothelium [110]. The leukotrienes LTC4 , LTD4 , and
LTE4 induce vasoconstriction and bronchospasm [110].
Since AA is derived from LA, a reduction of LA intakes will reduce tissue AA content, which in
turn will reduce any inflammatory potential and therefore lower the risk for CVD [119]. There
are many other lines of evidence that link LA with atherosclerosis. Endothelial dysfunction (ED)
is a characteristic of early-state atherosclerosis common in patients with insulin resistance and
diabetes [120]. A recent review by Simopoulos reported that diets enriched in LA increase the
LA content of LDL and its susceptibility to oxidation, whereby oxidative modification increases
the atherogenicity of LDL cholesterol [121]. Studies have also shown that in patients with type 2
diabetes susceptible of developing ED, there are substantial increases in LA concentrations in all
LDL subfractions [122]. Cellular oxidative stress associated with LA oxidation of LDL and LA
mediated ED is a critical signal transduction pathway involved in NFκB activation, whereby NFκB
is critical for the expression of inflammatory genes associated with ED [120]. The susceptibility
of LDL to oxidation by LA and its associated metabolites is linked to the severity of coronary
atherosclerosis development [121, 123].” (Patterson et al. 2012).
“Thus, high intake of n-6 PUFA, along with low intakes of n-3 PUFA, shifts the physiological state
to one that is proinflammatory and prothrombotic with increases in vasospasm,
vasoconstriction, and blood viscosity and the development of diseases associated with these
conditions.” (Patterson et al. 2012).
“Because of the increased amounts of omega-6 in the Western diet, the eicosanoid metabolic
products from AA, specifically prostaglandins, thromboxanes, leukotrienes, hydroxy fatty acids,
and lipoxins, are formed in larger quantities than those derived from omega-3 fatty acids,
specifically EPA. The eicosanoids from AA are biologically active in very small quantities and, if
they are formed in large amounts, they contribute to the formation of thrombus and
atheromas; to allergic and inflammatory disorders, particularly in susceptible people; and to
proliferation of cells. Thus, a diet rich in omega-6 fatty acids shifts the physiological state to
one that is proinflammatory, prothrombotic, and proaggregatory, with increases in blood
viscosity, vasospasm, vasoconstriction and cell proliferation.” (Simopoulos, A.P. 2016).
“PUFA are also precursors of second messenger eicosanoids involved in the regulation of blood
pressure.” (Benatti, Peluso, Nicolai, & Calvani 2004).
“At high doses, dietary n-3 PUFA have several beneficial properties in human [87]: act favorably
on blood characteristics by reducing platelet aggregation and blood viscosity, are
hypotriglyceridemic, exhibit antithrombotic and fibrinolytic ac- tivities, exhibit antiinflammatory
action, reduce ischemia/ reperfusion-induced cellular damage. This effect is apparently due to
the incorporation of EPA in membrane phospholipids.” (Benatti, Peluso, Nicolai, & Calvani
2004).
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“Increased dietary intake of LA leads to oxidation of LDL, platelet aggregation, and interferes
with the incorporation of EPA and DHA in cell membrane phospholipids.” (Simopoulos, A.P.
2008).
“First an increased linoleic acid content of LDL increases its sensitivity to oxidation(9), and it is
the oxidised LDL that is involved in atherosclerotic plaque growth. Hence, an increase in linoleic
acid intake could actually promote plaque growth and CVD. Second, there was some evidence
that linoleic acid could promote certain cancers, especially in animal models(10). These doubts
were captured in an additional, often ignored, recommendation related to PUFA intake in the
UK: ‘there is reason to be cautious about high intakes of n-6 PUFAs, and we recommend that
the proportion of the population consuming in excess of about 10 % of energy [as n-6 PUFAs]
should not increase’(11). Arachidonic acid is produced by the metabolism of linoleic acid, and
the arachidonic acid-derived eicosanoids are involved in many physiological and
pathophysiological responses including inflammation and thrombosis; arachidonic acid
metabolism is the target of several pharmaceutical agents. Since both inflammation and
thrombosis are involved in atherosclerotic plaque growth and rupture, once again, this suggests
the possibility of an increase in cardiovascular risk with increased n-6 fatty acid exposure. The
second scientific development was the discovery of the protective effects of marine n-3 fatty
acids towards CVD and the improved understanding of their mechanisms of action(12,13). An
increased intake of marine n-3 fatty acids lowers arachidonic acid status and interferes with
arachidonic acid metabolism, decreasing the production of pro-inflammatory and prothrombotic mediators(14). Hence, the recognised health benefits of marine n-3 fatty acids and
the realisation that they often work by ‘antagonising’ n-6 fatty acids generated a perception of
‘n-3 good, n-6 bad’(15,16).” (Calder 2010).
“Randomised controlled trials (RCT) of mixed n-6 and n-3 PUFA diets, and meta-analyses of
their CHD outcomes, have been considered decisive evidence in specifically advising
consumption of ‘at least 5–10% of energy as n-6 PUFA’. Here we (1) performed an extensive
literature search and extracted detailed dietary and outcome data enabling a critical
examination of all RCT that increased PUFA and reported relevant CHD outcomes; (2)
determined if dietary interventions increased n-6 PUFA with specificity, or increased both n-3
and n-6 PUFA (i.e. mixed n-3/n-6 PUFA diets); (3) compared mixed n-3/n-6 PUFA to n-6 specific
PUFA diets on relevant CHD outcomes in meta-analyses; (4) evaluated the potential
confounding role of trans-fatty acids (TFA). n-3 PUFA intakes were increased substantially in
four of eight datasets, and the n-6 PUFA linoleic acid was raised with specificity in four datasets.
n-3 and n-6 PUFA replaced a combination of TFA and SFA in all eight datasets. For non-fatal
myocardial infarction (MI) + CHD death, the pooled risk reduction for mixed n-3/n-6 PUFA diets
was 22 % (risk ratio (RR) 0·78; 95 % CI 0·65, 0·93) compared to an increased risk of 13 % for n-6
specific PUFA diets (RR 1·13; 95 % CI 0·84, 1·53). Risk of non-fatal MI + CHD death was
significantly higher in n-6 specific PUFA diets compared to mixed n-3/n-6 PUFA diets (P1⁄40·02).
RCT that substituted n-6 PUFA for TFA and SFA without simultaneously increasing n-3 PUFA
produced an increase in risk of death that approached statistical significance (RR 1·16; 95 % CI
0·95, 1·42). Advice to specifically increase n-6 PUFA intake, based on mixed n-3/n-6 RCT data, is
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unlikely to provide the intended benefits, and may actually increase the risks of CHD and
death.” (Ramsden, C.E. et al. 2010).
“This analysis of RCT showed that mixed n-3/n-6 PUFA and n-6 specific PUFA diets have
significantly different effects on CHD risk. In pooled analyses, mixed n-3/n-6 PUFA RCT
significantly reduced the risks of non-fatal MI by 27% and non-fatal MI + CHD death by 22 %. By
contrast, n-6 specific PUFA diets increased risk of all CHD endpoints, with the increased risk of
death from all causes approaching statistical significance (Table 5)…Our findings highlight the
importance of making a clear distinction between n-6 and n-3 PUFA, and question the
conclusions of previous meta-analyses and public health advisories that imprecisely grouped n6 and n-3 PUFA together as ‘PUFA’, ‘PUFA (almost entirely n-6 PUFA)’ or ‘n-6 PUFA’.” (Ramsden,
C.E. et al. 2010).
“Experimental dietary conditions specifically increased n-6 PUFA, without a concurrent increase
in n-3 PUFA in three RCT and four datasets with 9,569 participants(37 – 40,46,57) (Table 3).
Specific increases in n-6 PUFA were achieved by providing corn and/or safflower oils, which
contain substantial LA and minimal ALA, as shown in Table 4. In the RCOT(37), experimental
dieters consuming corn oil had a 4·64-fold increased risk for both CHD death and death from all
causes (RR 4·64; 95% CI 0·58, 37·15; P1⁄40·15) (Table 5). Rose et al.(37) concluded that ‘corn oil
cannot be recommended in the treatment of ischemic heart disease’ because ‘it is most unlikely
to be beneficial, and it is possibly harmful’. In the SDHS, the ‘Group F’ experimental dieters,
who consumed safflower oil and a safflower oil polyunsaturated margarine, had a 49%
increased risk of death from all causes (RR 1·49; 95% CI 0·95, 2·34; P1⁄40·08) (Table 5)(38).
SDHS investigators did not report non-fatal MI or CHD death by group and thus were not
included in other meta-analyses of CHD events. However, 91 and 96 % of total deaths in the
combined groups were attributed to CHD and CVD, respectively(38). Failure to publish the full
dataset of this negative study probably led to an overestimation of the beneficial effects of
cholesterol-lowering ‘PUFA’ diets on non-fatal MI and CHD death, in previous meta-analysis and
public health advisories, and an underestimation of potential adverse effects of n-6 specific
PUFA in this meta-analysis. To our knowledge, the SDHS was not identified as an n-6 specific
PUFA RCT in any prior analysis.
The largest n-6 specific PUFA RCT, the MCS, reported results for 4393 men and 4664 women
separately(39) (Tables 5 and 8). The unique opportunity to ‘learn about the preventability of
coronary heart disease in women’(54) was considered an important advantage in the MCS. The
risk of non-fatal MI + CHD death was significantly increased among women consuming the n-6
specific PUFA diet for 1 year or less (RR 2·15; 95 % CI 1·19, 3·87; P1⁄4 0·01)(39) (Table 8).
Women consuming this n-6 specific PUFA diet for any duration had non-significant trends
toward increased risk of non-fatal MI (RR 1·47; 95 % CI 0·90, 2·38; P1⁄4 0·12), non-fatal MI +
CHD death (RR 1·31; 95% CI 0·90, 1·90; P1⁄40·16)(39) and any cardiovascular event (non-fatal
MI + CHD death + stroke) (RR 1·32; 95 % CI 0·92, 1·90; P1⁄40·13) (Table 8)(68). Although men
had more or less equivocal results (Table 5), female experimental dieters had increased risk of
all relevant endpoints. Since the MCS is the only valid RCT testing the effects of an n-6 specific
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PUFA diet in a female cohort, it is notable that there is a signal towards harm rather than
benefit.” (Ramsden, C.E. et al. 2010).
“Are there risks in lowering n-6 PUFA below 5 en %?
We initially presumed that the current population-wide dietary advice to consume ‘at least 5 –
10 % of energy as n-6 PUFA’(1,5) was developed from RCT data that assessed clinical CHD
outcomes at or below the AHA-specified 5 en% cutoff. However, we could identify only one
RCT, the Lyon Diet Heart Study (LDHS)(69–71), that lowered n-6 PUFA below 5 en% and
reported CHD outcomes. The LDHS was not selected for inclusion or discussed in the AHA
[American Heart Association] advisory and is not included in our meta-analysis. However,
discussion of the LDHS is important in evaluating the potential risks of eating less than 5 en % as
LA in the context of other dietary changes. It also provides an important context to judge the
ODHS and other high-LA diets.
The LDHS randomly assigned 605 men after an MI to either a ‘Mediterranean diet enriched with
a-linolenic acid’ (n 302) group or a control group (n 303) (Table 9). Unlike Oslo control dieters
who consumed an atherogenic diet, LDHS controls consumed a prudent diet(72). Most
pertinent, the treatment group replaced high-LA oils and spreads with low-LA olive oil,
rapeseed oil and rapeseed-based soft margarine. Experimental dieters had a 32 % lower LA
intake (3·6 en %) than control dieters (5·3 en%)(69). After follow-up of 27 months, non- fatal MI
+ CHD death and overall mortality were 73 % (95 % CI 0·12, 0·59; P1⁄4 0·001) and 70 % (95 % CI
0·11, 0·82; P1⁄4 0·02) lower in the experimental group, a far more impressive CHD risk
reduction than any RCT included in the aforementioned meta-analyses. Like the ODHS, the
LDHS was a multiple intervention trial. LA was not changed in isolation; its reduction was
accompanied by an increase in ALA from 0·3 to 0·8 en % (substantially ,2·7 en% as ALA in the
ODHS experimental group) (Tables 7 and 9). Unlike the ODHS, the LDHS experimental and
control diets were not confounded by differences in TFA(69). However, experimental LDHS
dieters did increase intake of oleic acid, fibre, and antioxidants, and reduce consumption of SFA
in this multiple intervention trial(69). Fish consumption was not significantly different (47 v. 40
g/d; P1⁄40·16)(69). The LDHS does not prove that high LA intakes (. 5 en %) have adverse
consequences; however, it demonstrates that lowering LA below the AHA-specified 5·0 en% is
not harmful and, in the context of a Mediterranean diet, produces profound CHD risk reduction.
Given these potential benefits of LA lowering, an RCT specifically comparing the effects of low
n-6 LA (,2 en%) to high LA (.7 en%) intakes on clinical CHD outcomes is warranted to fill a critical
evidence gap.” (Ramsden, C.E. et al. 2010).
“…we found that the substitution of n-6 PUFA for TFA and SFA produced an increased risk of
death from all causes that approached statistical significance, when analysed independently or
in comparison to mixed n-3/n-6 PUFA diets. Among women, the only valid RCT that specifically
increased n-6 PUFA found significant harm in the short term, and a signal toward harm with
long-term consumption…Based on this evaluation of the specific effects of n-6 PUFA in RCT,
advice to maintain or increase n-6 PUFA should be reconsidered, because there is no indication
of benefit, and there is a possibility of harm.” (Ramsden et al. 2010).
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PUFAs & Obesity—
“In the United States, per capita dietary LA tripled from about 2% of energy (en%) to 7 en%
during the 20th century [49], which coincided with a marked increase in adipose tissue LA
[50,51,52].” (Ramsden, C.E. et al. 2012).
“A high omega-6 fatty acid intake and a high omega-6/omega-3 ratio are associated with
weight gain in both animal and human studies, whereas a high omega-3 fatty acid intake
decreases the risk for weight gain. Lowering the LA/ALA ratio in animals prevents overweight
and obesity…A balanced omega-6/omega-3 ratio 1–2/1 is one of the most important dietary
factors in the prevention of obesity, along with physical activity. A lower omega-6/omega-3
ratio should be considered in the management of obesity.” (Simopoulos, A.P. 2016).
“Adipose tissue is the main peripheral target organ handling fatty acids, and AA is required for
adipocyte differentiation (adipogenesis). The increased LA and AA content of foods has been
accompanied by a significant increase in the AA/EPA + DHA ratio within adipose tissue, leading
to increased production in AA metabolites, PGI2 which stimulates white adipogenesis and
PGF2α which inhibits the browning process, whereas increased consumption of EPA and DHA
leads to adipose tissue homeostasis through adipose tissue loss and increased mitochondrial
biogenesis.” (Simopoulos, A.P. 2016).
“Experimental studies have suggested that omega-6 and omega-3 fatty acids elicit divergent
effects on body fat gain through mechanisms of adipogenesis, browning of adipose tissue, lipid
homeostasis, brain-gut-adipose tissue axis, and most importantly systemic inflammation.
Prospective studies clearly show an increase in the risk of obesity as the level of omega-6 fatty
acids and the omega-6/omega-3 ratio increase in red blood cell (RBC) membrane phospholipids,
whereas high omega-3 RBC membrane phospholipids decrease the risk of obesity. Recent
studies in humans show that in addition to absolute amounts of omega-6 and omega-3 fatty
acid intake, the omega-6/omega-3 ratio plays an important role in increasing the development
of obesity via both AA eicosanoid metabolites and hyperactivity of the cannabinoid system,
which can be reversed with increased intake of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). A balanced omega-6/omega-3 ratio is important for health and in
the prevention and management of obesity.” (Simopoulos, A.P. 2016).
“Experimental studies have suggested that omega-3 and omega-6 fatty acids may elicit
divergent effects on body fat gain through mechanisms of adipogenesis, lipid homeostasis,
brain-gut adipose tissue axis, and systemic inflammation. Metabolites of AA (20:4omega-6)
play important roles in the terminal differentiation of pre-adipocyte to mature adipocyte. This
effect can be inhibited by omega-3 fatty acids at multiple steps. Omega-6 fatty acids increase
cellular triglyceride content by increasing membrane permeability, while omega-3 fatty acids
reduce fat deposition in adipose tissues by suppressing lipogenic enzymes and increasing betaoxidation. In addition, omega-6 and omega-3 fatty acids differentially modulate the brain-gutadipose tissue axis [63] and the inflammatory properties of downstream eicosanoids, which
ultimately affect pre-adipocyte differentiation and fat mass growth [72]. White adipocytes are
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storing energy in the form of triglycerides whereas brown adipocytes dissipate energy from
triglycerides by producing heat…Recent studies have shown that perinatal exposure of mice to
a high omega-6 fatty acid diet (similar to Western diet) results in a progressive accumulation of
body fat across generations, which is consistent with the fact that in humans, overweight and
obesity have steadily increased in the last decades, and emerge earlier in life [12,73].
Furthermore, AA metabolites prostaglandins E2 and F2α have an inhibitory role in the browning
process of white fat cells converted into energy-dissipating brown fat cells which are believed
to play a role in controlling energy balance by lowering body weight [74–82] (Table 5).
High intake of omega-6 fatty acids during the perinatal period is associated with increased
adiposity in the offspring. In human studies the level of AA in adipose tissue is associated with
the BMI and overweight status of children. High omega-6/omega-3 fatty acids in umbilical cord
red blood cell (RBC) membrane phospholipids was associated with high subscapular skin-fold
thickness at 3 years of age [5].
Animal and human studies have shown that EPA and DHA supplementation may be protective
against obesity, and may reduce weight gain in already obese animals and humans [83].
Specifically, studies demonstrated a reduction in visceral (epididymal and/or retroperitoneal)
fat in rats fed high lipid diets that incorporate omega-3 PUFAs [75,78,79,84–87], and the effect
was dose-dependent [85]. The reduction in visceral fat was associated with a decrease in
adipocyte size [85,86] and number [87]. High fat diets rich in omega-6 fatty acids have been
shown to increase the risk of leptin resistance, diabetes, and obesity in humans and rodents
[76,88]. AA impairs hypothalamic leptin signaling and energy homeostasis in mice [77]. The
inhibitory role of AA has been suggested in both basal and insulin-stimulated leptin expression
and production [88].” (Simopoulos, A.P. 2016).
“High omega-6 fatty acids increase leptin resistance and insulin resistance, whereas omega-3
fatty acids lead to homeostasis and weight loss.” (Simopoulos, A.P. 2016).
“Several studies have provided supporting evidence for a role of omega-3 PUFAs in body
composition [94], weight reduction [95], less hunger and more fullness [96]. These findings
support a potential role for omega-3 in appetite regulation in humans. Some intervention
studies showed that omega-3 fatty acid supplementation reduced body weight and obesity in
lean [14], overweight [95,97] and obese [98] individuals. Couet et al. [14] noted a 22% increase
in basal lipid oxidation with 6 grams of fish oil for 3 weeks.” (Simopoulos, A.P. 2016).
“High omega-6 fatty acid intake leads to hyperactivity of endocannabinoid system, whereas
omega-3 fatty acids lead to normal homeostasis (decrease hyperactivity).” (Simopoulos, A.P.
2016).
“A diet high in the omega-6/omega-3 ratio causes an increase in the endocannabinoid signaling
and related mediators, which lead to an increased inflammatory state, energy homeostasis, and
mood. In animal experiments a high omega-6 acid intake leads to decreased insulin sensitivity
in muscle and promotes fat accumulation in adipose tissue. Nutritional approaches with dietary
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omega-3 fatty acids reverse the dysregulation of this system, improve insulin sensitivity and
control body fat.” (Simopoulos, A.P. 2016).
“Endocannabinoids are lipids, derived from the omega-6 AA. Their concentrations are regulated
by (1) dietary intake of omega-6 and omega-3 fatty acids; and (2) by the activity of biosynthetic
and catabolic enzymes involved in the endocannabinoid pathway, which is an important player
in regulation of appetite and metabolism [81,104]. The endocannabinoid system is involved in
regulation of energy balance and sustained hyperactivity of the endocannabinoid system
contributes to obesity [81,82]. AA is the precursor of 2-arachidonoylglycerol (2-AG) and
anandamide (AEA). Increasing the precursor pool of AA causes excessive endocannabinoid
signaling leading to weight gain and a metabolic profile associated with obesity.
Endocannabinoids activate endogenous cannabinoid CB1 and CB2 receptors in the brain, liver,
adipose tissue, and the gastrointestinal tract [105]. Activation of CB1 receptors in the
hypothalamus leads to increased appetite and food intake [82]. In mouse experiments
endocannabinoids selectively enhance sweet taste, which in the current highly palatable food
supply stimulate food intake [106].” (Simopoulos, A.P. 2016).

PUFAs, Gene Expression & Cancer:
“Research has shown omega-3 polyunsaturated fatty acids (PUFAs) docosahexaenoic acid (DHA;
C22:6, n-3) and eicosapentaenoic acid (EPA; C20:5, n-3) inhibit tumorigenesis, whereas linoleic
acid (LA; C18:2, n-6) has been shown to promote neoplastic growth; supporting the association
of increased cancer incidence with omega-6 PUFA dietary intake. Arachidonic acid (AA; C20:4,
n-6) is associated with pro-inflammatory signaling processes, and therefore tumorigenesis;
however, conflicting results exist in the literature across tumor types. PUFAs are bioactive
nutrients known to have epigenetic effects within normal cells and recently, the ability of PUFA
to alter DNA methylation and histone acetylation was reported in HCT-116 colon carcinoma
(Cho, Y. et al, 2014)…Research is ongoing to define a possible mechanism, but current data
suggests PUFA may be useful as epigenetically-targeted cancer therapeutic agent or adjuvant.”
(Chattin, O’Brien, & Pardini 2016).
“Further evidence indicates a role of Ω-6 in promoting prostate 26–28 and breast cancer… in a
controlled clinical trial by Dayton et al,31 there was a greater than threefold increased risk of
death due to carcinoma when saturated fat (mainly of animal origin) was substituted by Ω-6
polyunsaturated fat (including corn, soybean, safflower and cottonseed).” (DiNicolantonio, J.J.).
“Polyunsaturated fatty acids elicit changes in gene expression that precede changes in
membrane composition by directly governing the activity of nuclear transcription factors…PUFA
interact with nuclear receptor proteins that bind to certain regions of DNA and thereby are able
to modulate transcription of regulatory genes…In these cases, the fatty acids act like a hormone
to control the activity or abundance of key transcription factors. The discovery that some fatty
acids can act as hormones that control the activity of transcription factors demonstrated that
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fatty acids are not merely passive energy-providing molecules but are also metabolic
regulators.” (Benatti, Peluso, Nicolai, & Calvani 2004).
“Previous studies have shown that fatty acids released from membrane phospholipids by
cellular phospholipases, or made available to the cell from the diet or other aspects of the
extracellular environment, are important cell signaling molecules. They can act as second
messengers or substitute for the classical second messengers of the inositide phospholipid and
the cyclic AMP signal transduction pathways. They can also act as modulator molecules
mediating responses of the cell to extracellular signals. Recently it has been shown that fatty
acids rapidly and directly alter the transcription of specific genes (74)…Whereas some of the
transcriptional effects of PUFA appear to be mediated by eicosanoids, the PUFA suppression of
lipogenic and glycolytic genes is independent of eicosanoid synthesis, and appears to involve a
nuclear mechanism directly modified by PUFA.” (Simopoulos, A.P. 2008).

PUFAs & Bone Health—
“Evidence suggests that the high intake of n-6 and inadequate amount of n-3 fatty acids in the
diet contribute to the development of several pathologies, including those of the skeletal
system (bone/joint diseases) [156]…At low levels, PGE2 apparently stimulates bone formation.
The mechanism for this may be that PGE2 increases the production of insulin-like growth factor
(IGF), a powerful “master” growth stimulator for bone, cartilage, and muscle, found in
abnormally low levels in women with osteoporosis [158]. Surprisingly, high or excessive levels
of PGE2 swamp this effect, and bone formation is reduced and reabsorption is increased [159].
Moreover, PGE2 has been shown to mediate, in vitro, the effects of 1,25-(OH)2 Vitamin D3
[160], TNF-alpha [161], and growth factors [162], thus enhancing bone re-absorption. In bone
modeling, this pattern leads to reduced skeletal growth. In bone remodeling, this pattern leads
to osteoporosis…Omega-3 PUFA supplementation may help optimize bone modeling and
remodeling by moderately increasing production of series-1 and -3 prostaglandins at the
expense of PGE2 [164].” (Benatti, Peluso, Nicolai, & Calvani 2004).
“Another human study has specifically examined the effects of PUFA supplementation on
osteoporosis [175]. Forty elderly women with age-related osteoporosis were divided into four
groups. They received one of four treatments daily for 16 weeks: 4 g evening primrose oil; 4 g
fish oil; 4 g of a fish and evening primrose oil mixture; or 4 g olive oil placebo. The women took
no other medications, supplements, or special foods. In this study fish oil increased serum
calcium, osteocalcin and collagen, and decreased ALP. Evening primrose oil alone had no
significant effects, but the positive results from the fish oil group were also seen in the fish oil
plus evening primrose oil group. According to the research team, evening primrose oil may
have potentiated the effects of fish oil.” (Benatti, Peluso, Nicolai, & Calvani 2004).
“Mood and Bone. Clinical depression in both women and men has been correlated with
reduced bone density. In a National Institutes of Health study, 24 women with a history of
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major depression were compared to 24 controls. Subjects were matched for age, race, bodymass index, and menopausal status. Upon testing, various bone sites showed densities 6.5 to
13.6 percent lower in the depressed women [176]. Clinical depression is known to be
associated with strongly reduced levels of n-3 PUFA, and clinically depressed people have been
found to respond to fish oil supplementation. Deficiencies of n-3 PUFA may be a common link
between depression and reduced bone density, both prevalent in older people [177].” (Benatti,
Peluso, Nicolai, & Calvani 2004).
“The study by Hogstrom et al. (108) adds to the growing body of evidence that omega-3 fatty
acids are beneficial to bone health. Animal models have suggested that omega-3 fatty acids
may attenuate postmenopausal bone loss. Ovariectomized mice fed a diet high in fish oil had
significantly less bone loss at the femur and lumbar vertebrae than did ovariectomized mice fed
a diet high in omega-6 fatty acids (109). In vitro models using a preosteoblastic cell line, MC3T3E1, indicated a greater production of the bone-formation markers alkaline phosphatase and
osteocalcin after 48 hours of treatment with EPA than after treatment with ALA (110).”
(Simopoulos, A.P. 2008).
PUFAs & Mental Health
“In a provocative study relevant to the present investigation, students who had higher n-6:n-3
ratios (above the mean) before exams demonstrated greater TNF-α production by
lipopolysaccharide (LPS) and mitogen-stimulated peripheral blood leukocytes (PBLs) during
exams than those with lower ratios (29). These data suggest that the n-6:n-3 ratio may
influence the proinflammatory response to stressors…” (Kiecolt-Glaser, J.K. et al. 2007).
“We recently reported that the combination of increasing dietary n- 3 fatty acids with
concurrent reduction in n-6 LA produced statistically significant, clinically relevant
improvements in headache frequency, intensity and quality of life in chronic headache patients
[24], a condition with reported elevations of AA-derived mediators in blood and saliva [25, 24,
26]…In rats, dietary LA lowering from 3.5% to 0.3% energy for 15 weeks increased n-3 PUFA
concentrations and decreased plasma unesterified and esterified LA and AA concentrations
[17]. These changes were accompanied by decreased expression and activity of AA-releasing
calcium-dependent phospholipase A2 (cPLA2) IVA and AA-metabolizing cyclooxygenase-2 (COX2), and increased expression and activity of DHA-releasing calcium-independent phospholipase
A2 (iPLA2 VIA) [50]. Since cPLA2 and COX-2 are upregulated during neuroinflammation, and
increased iPLA2 VIA reflects increased DHA metabolism into bioactive pro-resolving
metabolites, it is possible that that the H3-L6 intervention (and to a lesser extent the L6
intervention) would attenuate neuroinflammation. This may explain the efficacy of the H3-L6
diet in reducing headache frequency in patients with chronic migraine [24]. Future trials are
needed to determine the efficacy of n-6 PUFA lowering and n-3 supplementation on brain PUFA
metabolism and neuroinflammation in humans…In conclusion, 12 weeks of dietary n-6 lowering
increased concentrations of n-3 PUFAs in plasma esterified and unesterified lipids, and a
combination of dietary LA lowering with concurrent increases in EPA and DHA further increased
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circulating n-3 PUFA levels and reduced esterified AA and other n-6 PUFA concentrations in a
patient population with chronic headaches.” (Taha et al. 2014).
“Multiple studies have reported prenatal stress as a potential risk factor for the development of
autism spectrum disorder (ASD). In rodents, a significant reduction in sociability is seen in
prenatally stressed offspring of genetically stress-susceptible dams. Certain dietary factors that
contribute to stress reactivity may, therefore, exacerbate prenatal stress-mediated behavioral
changes in adult offspring. Adults with a diet rich in omega-6 polyunsaturated fatty acids
(PUFAs) display increased stress reactivity. In the current study, the effects of prenatal diet and
prenatal stress on social behavior in adult offspring mice were examined. Pregnant C57BL/6 J
dams received either chronic variable stress or no stress, and were also placed on a control diet
or a diet rich in omega-6 PUFAs, in a 2 × 2 design. We subsequently tested the adult offspring
for sociability, anxiety, and locomotor behaviors using a 3-chambered social approach task, an
elevated-plus maze, an open field task and a rotarod task. Results indicated that a maternal diet
rich in omega-6 PUFAs during gestation and lactation produce changes in sociability consistent
with those observed in ASD. Additionally, offspring exposed to a diet rich in omega-6 PUFAs
during gestation and lactation had increased levels of anxiety in the elevated-plus maze.
Prenatal stress had no effect on offspring behavior. These findings provide evidence for a
possible environmental risk factor that contributes to the production of autistic-like behavior in
mice.” (Jones, K.L. et al. 2013).
“An additional environmental factor that may contribute to the etiology of autism is diet. One
dietary variable that has received recent attention is polyunsaturated fatty acids (PUFAs),
particularly the decline in omega-3 PUFAs in the modern Western diet [22]. Currently, modern
Western diets are rich in omega-6 (n-6) PUFAs and deficient in omega-3 (n-3) PUFAs [23]. The
ratio of n-6 to n-3 in the traditional hunter-gatherer diet was approximately 2:1 to 3:1, whereas
the ratio in a modern Western diet is approximately 15:1 to 17:1 [23]. In extreme cases, the
ratio may even reach 50:1, caused by an excess of n-6 PUFAs and a severe deficiency in n-3
PUFAs [23]. As long-chain PUFAs (LC-PUFAs) are not endogenously made in humans, they must
be obtained from the diet [22]. While the level of the n-6 PUFA arachidonic acid (AA) is
relatively consistent worldwide, n-3 PUFAs DHA and eicosapentaenoic acid (EPA) are more
variable [24], resulting in the n-6:n-3 ratio imbalance. Omega-3 polyunsaturated fatty acids
(PUFAs), specifically docosahexaenoic acid (DHA), play a central role in the functioning and
development of the brain and central nervous system [22,24,25]. During gestation and
lactation, infants depend on the mother for a steady supply of LC-PUFAs [24]. A maternal diet
deficient in n-3 PUFAs during gestation and lactation has been associated with lower scores on
tests of cognitive function [26,27]. Additionally, it appears that a maternal diet during gestation
that is rich in n-6 PUFAs and/or is deficient in n-3 PUFAs leads to impaired neurological
functioning, which may manifest in the form of developmental and behavioral disorders [22].
For example, a diet deficient in DHA and rich in AA during development impairs neurogenesis,
dendritic arborization, synaptogenesis, selective pruning, and myelination [28].” (Jones, K.L. et
al. 2013).
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“omega-6 and omega-3 polyunsaturated fatty acids (PUFAs) play a central role in the normal
development and functioning of the brain and central nervous system. Long-chain PUFAs (LCPUFAs) such as eicosapentaenoic acid (EPA, C20:5omega-3), docosahexaenoic acid (DHA,
C22:6omega-3) and arachidonic acid (AA, C20:4omega-6), in particular, are involved in
numerous neuronal processes, ranging from effects on membrane fluidity to gene expression
regulation. Deficiencies and imbalances of these nutrients, not only during the developmental
phase but throughout the whole life span, have significant effects on brain function. Numerous
observational studies have shown a link between childhood developmental disorders and
omega-6:omega-3 fatty acid imbalances. For instance, neurocognitive disorders such as
attention-deficit hyperactivity disorder (ADHD), dyslexia, dyspraxia and autism spectrum
disorders are often associated with a relative lack of omega-3 fatty acids. In addition to a high
omega-6 fatty acid intake and, in many cases, an insufficient supply of omega-3 fatty acids
among the population, evidence is increasing to suggest that PUFA metabolism can be impaired
in individuals with ADHD. In this context, PUFA imbalances are being discussed as potential risk
factors for neurodevelopmental disorders. Another focus is whether the nutritive PUFA
requirements-especially long-chain omega-3 fatty acid requirements-are higher among some
individuals. Meanwhile, several controlled studies investigated the clinical benefits of LC-PUFA
supplementation in affected children and adolescents, with occasionally conflicting results.”
(Schuchardt et al. 2010).
“A perinatal diet deficient in EPA and DHA and rich in AA may contribute to the pathology of
autism in several ways. For example, a DHA-deficient diet during development has been found
to impair processes such as neurogenesis, dendritic arborization, synaptogenesis, selective
pruning, and myelination [28]. Additionally, decreased DHA in the brains of animals fed a DHA
deficient diet during brain development is accompanied by altered metabolism of several
neurotransmitters, including dopamine and serotonin, and membrane-associated enzyme and
receptor activities [44]. DHA-deficiency also decreases the mean cell body size of neurons in the
hippocampus, hypothalamus and parietal cortex, and decreases the complexity of cortical
dendritic arborization [56]. Finally, a DHA-deficient diet would imply higher amounts of
oxidative stress found systemically, as DHA normally plays an important role in the inhibition of
oxidative stress-induced induction of proinflammatory genes and apoptosis in the brain and
retina [44]. Normally, unesterified DHA is further metabolized to docosanoids, of which
neuroprotectin D1 is a potent inhibitor of oxidative stress induced apoptosis and cyclooxygenase 2 [57].” (Jones, K.L. et al. 2013).
“Diets rich in n-6 PUFAs are known to have an impact on immune function, as their biological
derivatives are generally pro-inflammatory [23]. Interestingly, children with autism have a
higher observed ratio of n-6 PUFAs to n-3 PUFAs compared to control children [29]. As immune
dysregulation has been frequently described in individuals with autism as well as their family
members [30], a diet rich in n-6 PUFAs may contribute in this manner to the etiology of autism.
Finally, a 2007 study found that individuals with a high n-6:n-3 ratio diet were found to be more
susceptible to the psychological and immunological impact of stress than those with a more
balanced n-6:n-3 ratio [31].” (Jones, K.L. et al. 2013).
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PUFAs & Depression
“Strong temporal relationships have been reported between higher intakes of the omega-6
fatty acid, LA and greater prevalence rates of major depression8 and homicide mortality in five
different countries between 1960 and 2000 (20-fold higher risk; r = 0.94; p < 0.0001). Thus, in
agreement with the view that nutrients work synergistically, it was contended that an excess of
n-6 fatty acids, at the detriment of n-3 HUFAs, may increase the risk of depressive and
aggressive disorders.” (Hibbeln & Gow 2014).
“Psychologic stress in humans induces the production of proinflammatory cytokines such as
interferon gamma (IFNc), TNFa, IL-6 and IL-1. An imbalance of omega-6 and omega-3 PUFA in
the peripheral blood causes an overproduction of proinflammatory cytokines. There is evidence
that changes in fatty acid composition are involved in the pathophysiology of major depression
(111). Changes in serotonin (5-HT) receptor number and function caused by changes in PUFA
provide the theoretical rationale connecting fatty acids with the current receptor and
neurotransmitter theories of depression (112–116). The increased C20:4omega-6/C20:5omega3 ratio and the imbalance in the omega-6/omega-3 PUFA ratio in major depression may be
related to the increased production of proinflammatory cytokines and eicosanoids in that
illness (114). There are a number of studies evaluating the therapeutic effect of EPA and DHA in
major depression. Stoll and colleagues have shown that EPA and DHA prolong remission, that is,
reduce the risk of relapse in patients with bipolar disorder (117, 118).
Kiecolt-Glaser et al. studied depressive symptoms, omega-6/omega-3 fatty acid ratio and
inflammation in older adults (119). As the dietary ratio of omega-6/omega-3 increased, the
depressive symptoms, TNF-a, IL-6, and IL-6 soluble receptor (sIL-6r) increased. The authors
concluded that diets with a high omega-6/omega-3 ratio may enhance the risk for both
depression and inflammatory diseases.” (Simopoulos, A.P. 2008).
“Several laboratories have provided evidence that depressed patients have, on average, lower
plasma levels of n-3 PUFAs than nondepressed controls; furthermore, there are relationships
within these populations between severity of depressive symptoms and lower plasma levels of
the n-3 PUFAs (3–6). What is more, all but one of four randomized controlled trials reported
significant improvement in the treatment of depression following n-3 PUFA supplementation
compared to nonsupplemented controls (6). Significant relationships between lower n-3 PUFA
plasma levels and greater negative mood have also been documented in nonpsychiatric
populations (7). Omega-6 (n-6) PUFAs are also implicated in depression, with higher n-6:n-3
ratios observed in depressed patients compared to nondepressed controls (3–6).” (KiecoltGlaser, J.K. et al. 2007).
“The fatty acid composition of the modern Western diet has changed dramatically during the
last century, and these changes are thought to be related to increases in inflammatory-related
diseases, including depression and cardiovascular disease (6, 10). For example, the early
hunter-gatherer diet had an n-6:n-3 ratio of 2:1 to 3:1 (11). However, during the last century,
the typical Western diet underwent fundamental alterations with the enormous growth in
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refined vegetable oil use, a central n-6 source that replaced n-3 PUFAs from fish, wild game,
nuts, seeds, and green leafy vegetables (5, 11); in the contemporary North American diet, the
n-6:n-3 ratio is 15:1 to 17:1 (12, 13). In fact, the heightened n-6:n-3 ratio in the Western diet
since 1913 has been suggested as a central stimulus for the sharply increased incidence of
major depression (4, 5).
The n-6:n-3 ratio is related to serotonergic as well as catecholaminergic neurotransmission (14),
providing mechanistic pathways that help explain the relationships with negative mood.
Alterations in serotonin (5-HT) receptor numbers and function provoked by changes in PUFAs
have been used to link fatty acids with contemporary theories of depression (5, 15). Moreover,
immune activation may interact with 5-HT functioning to promote depression (5), because
PUFAs influence the synthesis of proinflammatory cytokines…cytokines have substantial effects
on the central nervous system (CNS), producing and enhancing negative moods, as well as
physical symptoms such as lethargy and fatigue (18). Indeed, there is evidence that cytokines
play a role in the neuroendocrine and behavioral features of depressive disorders (18).”
(Kiecolt-Glaser, J.K. et al. 2007).

Other Major Points from Previous Fat Research
•Replacing saturated fatty acids with polyunsaturated fatty acids reduces LDL, but increases the
polyunsaturated fatty acid content of LDL and also of any plaques already present, rendering
both more susceptible to oxidation and oxidative stress. Once LDL is oxidized, it is more likely
to contribute to plaque buildup in the arteries. Omega-6 polyunsaturated fatty acids (e.g.
linoleic acid) in particular which are known to induce LDL oxidation may also predispose a
plaque to rupture.
•A high intake of omega-6 PUFA’s can increase the oxidative degradation of lipids in the body
which is thought to contribute to systemic inflammation, the development of cancer, and heart
disease. An increase antioxidant intake may help to counteract some of the negative health
effects of a high PUFA intake. Unlike omega-6 PUFA’s, omega-3 PUFA’s do not promote the
oxidative degradation of lipids, and may actually decrease it, leading to decreased inflammation
and risk of heart disease. Thus, a high degree of unsaturation does not always result in
increased oxidation. It also may be that the location of the double bonds in omega-3’s makes
them less prone to oxidation than omega-6’s.
•Omega-3’s lower LDL—specifically the small, dense LDL— and blood triglycerides. Omega-6’s
lower total cholesterol and LDL, but also decrease HDL.
•As of 2000, poly intake is not recommended to be greater than 10% of total daily energy
intake. Up to 2000, epidemiological data on high intake of O-6 PUFA’s was lacking.
•“However, a meta-analysis of randomized controlled trials showed that replacing a
combination of trans-fats and saturated fats with Ω-6 polyunsaturated fats (without
simultaneously increasing Ω-3 fatty acids) leads to an increased risk of death. These results
were corroborated when data were recovered from the Sydney Diet Heart Study and included
in an updated meta-analysis…Reasons for the potential harmful effects of Ω-6 fatty acids may
be due to their promotion of cancer, suppression of the immune system, lowering of HDL-C and
increasing the susceptibility of LDL to oxidation.25 Further evidence indicates a role of Ω-6 in
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promoting prostate 26–28 and breast cancer… in a controlled clinical trial by Dayton et al,31
there was a greater than threefold increased risk of death due to carcinoma when saturated fat
(mainly of animal origin) was substituted by Ω-6 polyunsaturated fat (including corn, soybean,
safflower and cottonseed).” (DiNicolantonio, J.J.).
•“Advice to substitute polyunsaturated fats for saturated fats is a key component of worldwide
dietary guidelines for coronary heart disease risk reduction. However, clinical benefits of the
most abundant polyunsaturated fatty acid, omega 6 linoleic acid, have not been established. In
this cohort, substituting dietary linoleic acid in place of saturated fats increased the rates of
death from all causes, coronary heart disease, and cardiovascular disease. An updated metaanalysis of linoleic acid intervention trials showed no evidence of cardiovascular benefit. These
findings could have important implications for worldwide dietary advice to substitute omega 6
linoleic acid, or polyunsaturated fats in general, for saturated fats.” (Ramsden, C.E. et. al.).
•“The potential harms of replacing saturated fat with omega-6 polyunsaturated fats include:
Increased risk of cancer. Increased risk of coronary heart disease, cardiovascular events, death
due to heart disease and overall mortality. Increased oxidised LDL-C. Reduction in HDL-C.”
(DiNicolantonio, J.J.).
•My previous summary of quotes above: Contrary to what the national dietary guidelines on fat
imply through their recommendations to increase the intake of all types of polyunsaturated
fatty acids (omega-3’s and omega-6’s) to decrease the risk of heart disease, there is ample
research to suggest that replacing saturated fat with omega-6 polyunsaturated fatty acids
actually increases the risk of developing heart disease, the likelihood of dying from heart
disease, as well as one’s overall risk of dying, period. Some studies have revealed the potential
for high intakes of omega-6’s to suppress the immune system, promote cancer, particularly of
the prostate and breast, and increase the likelihood that the bad cholesterol LDL will be
oxidized, making it more likely to contribute to the buildup of plaque. An extensive review that
analyzed a large pool of randomized controlled trials, widely considered the most reliable “gold
standard” for scientific study on many matters of human health, revealed that replacing transfats and saturated fats with omega-6 polyunsaturated fatty acids without simultaneously
increasing the intake of omega-3 polyunsaturated fatty acids results in an increased risk of
death! These rather extreme findings have been further supported by other, more recent
reviews suggesting that the potential harmful effects of consuming excessive omega-6
polyunsaturated fatty acids may very well be that extreme.
•Some of the harmful effects observed from an increased intake of omega-6’s might not solely
be attributed to the omega-6’s themselves, but may also be the result of a major imbalance
between the relative proportions of omega-6’s and omega-3’s in the diet. The current ratio of
omega-6’s to omega-3’s in the modern Western diet is thought to range between 10:1 all the
way up to 30:1, with the average intake falling between about 15:1-16.7:1. This is in stark
contrast to the current recommended ratio of 4:1 to 1:1. Higher amounts of omega-3’s relative
to omega-6’s represented by ratios of 1:1 to 1:4 have even been recommended in order to
receive more of the benefits of omega-3’s, and decrease some of the undesirable effects of
excess omega-6’s.
•The ratio of omega-6 fatty acids to omega-3’s likely plays an important role in the original
formation and subsequent development of plaque within the arterial wall. Omega-6’s, on the
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other hand, help to create the perfect storm for the development of inflammatory diseases and
conditions as well as heart disease. First, in direct opposition to the anti-inflammatory
downstream effects of omega-3’s, high intakes of omega-6’s promote the body’s inflammatory
response, which if driven to a state of overexcitement by an overload of toxic triggers and other
stressors from the environment and/or the diet can lead to abnormally high levels of
inflammation in the body. Chronically high levels of inflammation can prevent normal cellular
repair and over time set the stage for disease to develop. It is now known that an inflammatory
environment, specifically in the blood and in the cells forming the lining of the blood vessels,
favors the formation of plaque within the blood vessels. To make matters worse, a high intake
of omega-6’s results in more omega-6’s present in the bad LDL cholesterol, which increases the
susceptibility of LDL cholesterol to oxidation. Once oxidized, LDL cholesterol becomes reactive
and is more likely to be deposited in the walls of the blood vessels as plaque. As if that was not
enough to suggest that high levels of omega-6’s should be avoided for cardiovascular health
and health in general, omega-6 polyunsaturated fatty acids are also known to promote the
narrowing of blood vessels, as well as contribute to the blood’s ability to form clots in part by
increasing the blood’s viscosity, that is, the thickness and stickiness of the blood. Put together,
one could not imagine a more perfect storm for the development and occurrence of heart
disease. Besides heart disease, a high ratio of omega-6’s to omega-3’s has been linked to the
development and progression of cancer, osteoporosis, arthritis, and other inflammatory and
autoimmune diseases and conditions. As stated before, omega-3’s through their antiinflammatory effects, help protect against the development and progression of many of these
diseases and conditions.
•Both families of polyunsaturated fatty acids are metabolized by the same protein enzymes,
and therefore must compete for these enzymes. Thus, when excessive amounts of omega-6’s
are consumed, fewer omega-3’s will be fully metabolized to longer-chained omega-3’s such as
EPA and DHA which are essential as structural components in cellular membranes and vital as
precursors to molecules that act to convey signals needed in a wide array of metabolic
functions within cells all over the body.
Additional Notes about PUFA Overconsumption:
“An alternative way to reduce LDL concentrations is to replace saturated fats with
polyunsaturated fats. However, diets high in polyunsaturated fatty acids increase the
polyunsaturated fatty acid content of LDL particles render them more susceptible to oxidation
and increase oxidative stress, which would argue against the use of such diets. As a matter of
fact, in the secondary prevention of CHD, such diets failed to improve the prognosis of the
patients. In this content, the experimental diet tested in the Lyon trial, which included both low
saturated and polyunsaturated fat intakes, appears to be the best choice. However, diets rich
in oleic acid increase the resistance of LDL to oxidation independently of the antioxidant
content and result in leukocyte inhibition. Thus, oleic acid-rich diets decrease the
proinflammatory properties of oxidized LDL. Constituents of olive oil other than oleic acid may
also inhibit LDL oxidation. Various components of the Med diets may also affect LDL oxidation.
For instance, alpha-tocopherol or vitamin C or a diet combining reduced fat, low-fat dairy
products and high intakes of fruits and vegetables were shown to favorably affect LDL oxidation
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itself and/or cellular consequences of LDL oxidation. Finally, a significant correlation was found
between certain dietary fatty acids and the fatty acid composition of human astherosclerotic
plaques, suggesting that dietary fatty acids are rapidly incorporated into the plaques. This
implies a direct influence of dietary fatty acids on plaque formation and the process of plaque
rupture. It is conceivable that fatty acids that stimulate LDL oxidation (omega-6 fatty acids)
induce plaque rupture, while those that inhibit LDL oxidation (oleic acid) or leukocyte function
(omega-3 fatty acids) help stabilize the dangerous lesions....Thus, the concept of Med diet with
its multiple approaches (including the notion that the main targets of oxidative stress within the
LDL are the polyunsaturated fatty acids, while monounsaturated fatty acids are resistant to
oxidation) leads to reconcile a body of inconsistent data.” (Simopoulos, A.P.; Visiolo, F., ed.).
“Oxidative modification increases the atherogenicity of low-density lipoprotein (LDL)
cholesterol. Oxidized LDL is taken up by scavenger receptors that do not recognize unmodified
LDL leading to foam cell formation. Diets enriched with LA increase the LA content of LDL and
its susceptibility to oxidation (53, 54). Reaven et al. (55) showed that a LA-enriched diet
especially affects oxidation of small, dense LDL.” (Simopoulos, A.P. 2008).
“Experimental data support the notion that high intake of n−6 PUFAs may increase in vivo lipid
peroxidation. This effect may be counteracted by dietary antioxidant supplementation. The
influence of a high n−3 PUFA intake on measures of lipid peroxidation has been equivocal. In
clinical trials, subjects who consumed diets rich in n−6 or n−3 PUFAs had fewer
atherothrombotic endpoints than did control groups....Currently, daily intake of PUFAs as >10%
of total energy is not recommended. Below this ceiling there is little evidence that high dietary
intake of n−6 or n−3 PUFAs implies health risks.” (Eritsland, J.).
“The optimal daily intakes of PUFAs, and the optimal ratio of n−6 to n−3 PUFAs, remain
unknown...Very high intakes of PUFAs may carry a risk of adverse effects...” (Eritsland, J.).
“Although still not fully elucidated, lipid peroxidation is thought to be one important
mechanism involved in the pathogenesis of inflammation, cancer, and atherosclerosis....Thus,
on the basis of in vitro assessments and best substantiated in vivo for n−6 PUFAs, increased
dietary intake of PUFAs may enhance the susceptibility of LDLs to undergo oxidative
modification. However, when it comes to clinical endpoints there is little evidence to suggest
that a high PUFA intake increases the risk of an adverse outcome. On the contrary, data from
intervention trials show that when saturated fats are replaced by n−6 PUFAs, subjects are less
prone to develop atherothrombotic complications (23–25). Epidemiologic data on large intakes
of n−6 PUFAs are lacking.
Traditional Mediterranean diets, to which health-promoting effects are attributed, are rich in
monounsaturated fatty acids (26). Only recently has the use of plant-derived n−6 PUFAs
increased in various populations, and the long-term effects of such dietary changes are
unknown (26)....The dietary requirement of antioxidants with a diet rich in PUFAs has not been
defined. However, along with a PUFA-rich diet, it seems reasonable to encourage a high intake
of antioxidants, preferably incorporated in the habitual diet.” (Eritsland, J.).
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“...because of the potential harmful effects of high intakes of polyunsaturated fatty acids,
consumption probably should not exceed current intakes, i.e., ~7% of total energy....Thus, the
ratio of cholesterol-raising fatty acids to polyunsaturated fatty acids probably should be about
one-to-one, with total intakes of each being in the range of 7% of total energy.” (Grundy, S.M.).
However, n-3 PUFAs have antioxidant activities themselves, & also may help to regulate the
balance between oxidants & antioxidants in the body through its effects on the expression of
genes!!!:
“n-3 PUFA can serve as scavengers for free radicals and also modulate expression of genes that
determine the balance between oxidative and antioxidative status. Recent studies that
monitored oxidation products of cholesterol and fatty acids support the hypothesis that n-3
PUFA decrease LPO (lipid peroxidation)...Conclusion: A majority of studies do not indicate that
n-3 PUFA increased LPO. Future studies need to investigate the effects of dose, duration, and
composition of n-3 PUFA with standardized diets and methods on concentrations and types of
LPO products produced.” (Kelley, N.S.; Yoshida, Y.; Erickson, K.L. 2014).
“Although the replacement of dietary saturated fat with unsaturated fat has been advocated to
reduce the risk of cardiovascular disease, diets high in polyunsaturated fatty acids (PUFAs)
could increase lipid peroxidation, potentially contributing to the pathology of
atherosclerosis....With fish-oil supplementation, there was no evidence of increased lipid
peroxidation when assessed by plasma F2-isoprostanes and MDA...The results of the assays of
in vivo lipid peroxidation did not uniformly support the idea that increased numbers of double
bonds in dietary PUFAs result in increased susceptibility to lipid peroxidation. In fact, the most
specific indexes of lipid peroxidation used in the present study (F2-isoprostanes and MDA) were
not higher after fish-oil supplementation than after sunflower oil and safflower-oil
supplementation...In the present study, the results of more specific indexes of lipid
peroxidation than the TBA assay suggested that lipid peroxidation in vivo is not increased by
dietary supplementation with fish oil rich in 20:5n−3 and 22:6n−3. Thus, potentially beneficial
effects of diets rich in n−3 PUFAs in preventing or ameliorating chronic conditions such as
cardiovascular disease may not be offset by an increased risk of lipid peroxidation in vivo.”
(Higdon, J.V. et. al. 2000).
“The susceptibility of fatty acids to oxidation is thought to be directly dependent on their
degree of unsaturation. However, some in vitro and in vivo studies suggest that the relation
between chemical structure and susceptibility to oxidation is not as straightforward as
hypothesized from theoretical viewpoints. Indeed, long chain polyunsaturated fatty acids (LCPUFAs) might be less oxidizable than others under specific experimental conditions....We
investigated the free radical-scavenging potential of PUFA and the production of reactive
oxygen/nitrogen (ROS/RNS) species by human aortic endothelial cells (HAECs) supplemented
with different fatty acids. Fatty acid micelles scavenged superoxide in an unsaturationdependent manner, up to eicosapentaenoic acid, which was the most effective fatty acid.
Supplementation of HAEC with polyunsaturated fatty acids of the omega 3 series resulted in
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lower formation of ROS, as compared with cells supplemented with saturates,
monounsaturates, or polyunsaturates of the omega 6 series....Based on in vivo data showing
reduced excretion of lipid peroxidation products after omega 3 intake and our data on ROS
production and direct superoxide scavenging by LC-PUFAs, notably those of the omega 3 series,
we propose that this series of fatty acid might act as indirect anti- rather than pro-oxidant in
vascular endothelial cells, hence diminishing inflammation and, in turn, the risk of
atherosclerosis and cardiovascular disease. One noteworthy caveat is that we investigated the
effects of fatty acids individually added to cell cultures (or organized in micelles). In vivo
situations are more complex than this [31] and changes in the relative proportion and
distribution of distinct PUFAs in cell membranes and lipoproteins may result in modifications of
their susceptibility to oxidation, whose extent cannot be easily predicted on the sole basis of
their fatty acid composition.” (Richard, Doriane et. al.).
“Though common knowledge on fatty acids holds it that the higher degree of unsaturation the
higher susceptibility to oxidation, several lines of evidence indicate that this assumption does
not always hold true. As an example, when individual fatty acids are oxidized in an aqueous
environment, the generation of peroxidation products does not reflect their degree of
unsaturation [2]. Moreover, Maziere et al. compared the effects of omega 6 and omega 3 fatty
acids, incorporated into endothelial cells, with respect to cellular ability to oxidize LDL [9]. They
reported that omega 3 fatty acids lowered TBARS production, superoxide anion secretion, and
LDL peroxidation as compared with omega 6. Their interpretation was that omega 3 were less
efficiently incorporated into cellular lipids, even though after a similar percentage of PUFA
incorporation, omega 3 fatty acids still induced a less marked increase in LDL modification as
compared with omega 6. One explanation proposed by the authors was that the omega 3
series, because of the position of their double bonds, is less susceptible to oxidative damage
than the omega 6 series.” (Richard, Doriane et. al.).

FATTY ACID QUALITY OR QUANTITY
“There is increasing evidence to support that the total matrix of a food is more important than
just its fatty acid content when predicting the effect of a food on CHD risk, eg, the effect of SFAs
from cheese on blood lipids and CHD may be counterbalanced by the content of protein,
calcium, or other components in cheese. In addition, the special fatty acid profile (rumenic acid,
trans vaccenic acid, and short-chain fatty acids) may modify the effect on CHD risk. Another
example is dark chocolate, which has a high content of stearic acid, oleic acid, and polyphenols,
and observational studies, mechanistic studies, and RCTs show that dark chocolate reduces risk
factors of CVD (36).
Most epidemiologic studies and several intervention studies support the benefits of
Mediterranean dietary pattern on CVD risk factors and hard endpoints (18, 37). Notably, the
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Mediterranean diet is low in SFAs and high in MUFAs. The data on the benefits of other dietary
patterns, such as traditional Asian diets—which are very low in SFAs—are mainly derived from
ecologic and cross-sectional studies. However, consistent evidence from epidemiologic studies
and RCTs indicate that long-chain omega-3 (n23) fatty acids are beneficial at preventing CHD. It
is quite clear that the effect of a specific food (eg, meat and dairy products) on risk of CVD
cannot be determined simply on the basis of the fatty acid profile of a food.” (Astrup, A. et. al.).
“...in studying the hypocholesterolemic effects of diet, little research has examined the
outcome resulting from consuming a diet of whole and unrefined foods that contain naturally
occurring salutary elements. As a commonly available food, tree nuts such as almonds,
hazelnuts, and pistachios are rich in several beneficial compounds, such as omega-9 fatty acids,
which in the form of olive, canola, and other oils, have demonstrated beneficial effects on
blood cholesterol and lipoprotein profiles [1,3–9], and walnuts, high in omega-3 fatty acids,
have also been found to be cardioprotective [10]. Further, protein in nuts have an arginine-rich
amino acid profile that is thought to be protective [3]. In addition, nuts are good sources of
dietary fiber, ranging from 4% to 11% by weight, and are excellent sources of micronutrients,
such as copper and magnesium, and phytochemicals, such as plant sterols, all of which have
been documented to contribute to reduced risk of coronary heart disease [4 – 6]. Additionally,
almonds in particular are especially rich in many tocopherols, including alpha-tocopherol, the
most active form of vitamin E, which has also shown potent anti-atherogenic effects [6,7].”
(Spiller, Gene A. et. al.).
“We had previously shown [5] that a diet low in saturated fat and high in plant foods which
included 100 g/day of raw almonds (Prunus amygdalus), a nut rich in omega-9 fatty acids,
reduced TC and LDL-C without adversely affecting triglycerides (TG). HDL-C levels, sometimes
lowered by other hypocholesterolemic diets, were preserved in that investigation. Further,
several other clinical studies using diverse research designs and methods with both men and
women have demonstrated beneficial changes in lipid profiles feeding either walnuts, almonds,
or macadamia nuts [8–12]. Moreover, two population studies, the Loma Linda Adventist Health
Study and the Iowa Women’s Study, have reported inverse associations between nut
consumption and coronary artery disease [13,14].” (Spiller, Gene A. et. al.).
“There is significant literature indicating that amino acid profiles, including the favorable
arginine:lysine ratio in nuts, have beneficial effects on blood lipids when compared with animal
proteins [6,23,27].” (Spiller, Gene A. et. al.).

EFFECTS ON CHOLESTEROL
Cocoa Butter is Hypocholesterolemic Compared to Butter Despite Virtually Identical Quantities
of long chain saturated fatty acids.
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“Cocoa butter and butter have virtually identical quantities of LCSFAs, but is
hypocholesterolemic compared with butter, most likely because of its high proportion of stearic
acid that has a unique effect on plasma total cholesterol compared with other LCSFA’s.” (KrisEtherton et. al).
Palmitic increases cholesterol. Oleic has a neutral effect. (Grundy, SM).
The MCFA diet increased total and LDL cholesterol slightly, though not significantly, but not HDL
cholesterol concentrations compared with the oleic acid diet. The MCFA diet unfavorably
affected the apoA-I to apoB ratio compared with both other diets.***
Myristic acid is a hypercholesterolemic saturated fatty acid....Part of the cholesterolemic effect
of myristic acid is due to increased HDL cholesterol concentrations. (Temme, Elisabeth H.M.).
***SIDE NOTE***ApoB: A primary apolipoprotein (like a key that sits on the surface of a
lipoprotein such as LDL) that unlocks the doors to cells and enables the delivery of cholesterol
to them. Too much ApoB has been shown to lead to plaque formation via an unknown
mechanism. ApoB is considered by some scientists to be a better indicator of heart disease risk
than total cholesterol or LDL. (WIKI)
Effects of saturated fat on LDL and HDL size and composition:
LDL and HDL particles of different sizes and compositions derive from many metabolic
pathways, and smaller and more dense LDL particles have been implicated as being more
strongly involved in atherosclerotic CVD than larger LDL particles.
The reduction in LDL cholesterol known to occur with a decreased saturated fat intake appears
to be specific to larger, more buoyant particles. The higher saturated fat intake raised
concentrations of larger, more cholesterol-enriched LDL particles. Furthermore, in persons
placed on a baseline high-saturated-fat diet and then switched to a diet high in
monounsaturated or polyunsaturated fat, a small but significant reduction in LDL particle size
was observed. Furthermore, we recently showed that the lower concentrations of small, dense
LDL particles resulting from a reduced carbohydrate intake (26% compared with 54% of energy)
were similar with diets high (15%) or low (8%) in saturated fat derived primarily from dairy
products (***thus sat fat not at play here--only the carbs). (Siri-Tarino, Krauss et. al 505).
As might be expected, the effect of reducing SFA intake upon the concentration of LDL differs
among the individual, some having LDL that is more responsive, possibly due to differences in
BMI, insulin resistance/sensitivity, gender, metabolism of triglycerides, and whether or not an
individual carries the genetic apoE3 or apoE4 isoform. Details on this follow....
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Factors affecting variation in lipoprotein response to saturated fat:
There is considerable interindividual variability in the lipoprotein response to variations in
saturated fat intake, and this is related to some extent to variation in response to dietary
cholesterol, which suggests a role for intrinsic differences in the regulation of lipid metabolism.
Baseline LDL-cholesterol concentrations appear to be strongly related to dietary
responsiveness, and it was reported that this may be related to differences in the rate at which
LDL is broken down. Other factors that have been reported to be associated with a reduced LDL
response to reductions in saturated fat include increased BMI, insulin resistance, and female
sex. A relation between triglyceride metabolism and the LDL response to diet is supported by
the finding that saturated fats increase LDL cholesterol in normotriglyceridemic but not in
hypertriglyceridemic persons. (Siri-Tarino, Krauss et. al 505).
Genetics at play in responsiveness of LDL to change in diet:
There is evidence that there is a subset of the population with the apoE4 isoform, instead of the
more common apoE3 isoform, that are more likely to have a greater LDL-cholesterol reduction
in response to diet. In other words, a portion of the population will be more responsive to a
change in diet to reduce their LDL-cholesterol solely due to their genetic makeup. (Siri-Tarino,
Krauss et. al 505).
Inflammatory Markers in Relation to Dietary Fat Intake:
Overall, this is very controversial as you probably already know. You can find evidence to say
that saturated fat does increase the deposition of cholesterol into the arterial wall. You can
also find evidence that saturated fat increases inflammatory markers. However, there was a
recent study that found out that there was contamination of the bovine serum albumin, a
commonly used reagent in cell culture preparations, that may have led to the positive
association made between saturated fat and various inflammatory markers. That being said,
there is a growing body of evidence from cellular and animal studies that supports the
proinflammatory effects of saturated fat, as reviewed extensively elsewhere. Oleic acid
consumption, however, was associated with decreased interleukin-6 and E-selectin (two
inflammatory markers) relative to consumption of saturated fat. (Siri-Tarino, Krauss et. al 506).
Major Conclusions from this study:
While there is data to confirm that replacing SFA with PUFA has heart benefits, there is not
evidence to confirm the benefit of reducing SFA below 9%, as is being suggested. In other
words, the researchers see flaws in the line of thought that since SFA may cause problems in
high amounts, then it is best to reduce SFA to as little as possible...more is not always better
and extreme reductions that ultimately result in increased CHO intake does not appear to be
any healthier.
Increasing monounsaturated fat intakes does not lead to improvements in the properties of LDL
particles that are associated with atherosclerosis in animal models. Although, the substitution
of monounsaturated fat rather than carbohydrate has been shown to reduce the ratio of total
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and LDL cholesterol to HDL cholesterol. At this time, it is unknown if diet-induced increases in
HDL cholesterol that occur from saturated fat confer protection against CVD. Clinical studies
have not yet yielded consistent evidence for adverse effects of SFA on CVD. Recent evidence
indicates that limitations in carbohydrate intake can improve all features of atherogenic
dyslipidemia. Finally, clinical studies have not yielded consistent evidence for adverse effects of
saturated fat on CVD risk factors other than LDL cholesterol, although reduced insulin sensitivity
and increased inflammation have been reported in animal and cellular studies.
Thus, given the changing landscape of CVD risk factors and the increasing importance of the
atherogenic dyslipidemia associated with obesity, insulin resistance, and type 2 diabetes, the
relative effect of dietary saturated fat on CVD risk requires reevaluation. The authors assert
that the US Dietary Guidelines should recognize that subsets of the population may not benefit,
and may even be harmed, by the substitution of high intakes of carbohydrates, especially
refined carbohydrates, for fat in the diet.
Particularly given the differential effects of dietary saturated fats and carbohydrates on
concentrations of larger and smaller LDL particles, respectively, dietary efforts to improve the
increasing burden of CVD risk associated with atherogenic dyslipidemia should primarily
emphasize the limitation of refined carbohydrate intakes and a reduction in excess adiposity.
(Siri-Tarino, Krauss et. al 506).

FATS: DEFINITION AND PURPOSE
“Most energy reserves in the human body are stored as adipose tissue triglycerides. Even most
lean adults have >80,000 kcal of potential energy stored as triglyceride in adipose tissue. This is
enough energy to complete >25 marathon races and is >40 times more than the amount of
energy stored as glycogen in skeletal muscle and liver.” (Horowitz, J.F.).
“Fat is the largest energy reserve in mammals. Most tissues are involved in fatty acid
metabolism, but three are quantitatively more important than others: adipose tissue, skeletal
muscle and liver. Each of these tissues has a store of triacylglycerol that can be hydrolysed
(mobilized) in a regulated way to release fatty acids. In the case of adipose tissue, these fatty
acids may be released into the circulation for delivery to other tissues, whereas in muscle they
are a substrate for oxidation and in liver they are a substrate for re-esterification within the
endoplasmic reticulum to make triacylglycerol that will be secreted as very-low-density
lipoprotein.” (Frayn, K.N.; Arner, P.; Yki-Jarvinen, H.).
“Most food molecules fit into one of three categories: proteins, carbohydrates, or fats. Animals
usually can use all three for energy, but the three categories are not exactly equivalent.
Proteins are generally more important for making structures and regulatory molecules
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(enzymes) than for fuel, but excess proteins may be used as fuel. In contrast, carbohydrates-starch or sugar--are used almost entirely for fuel. These molecules are usually the primary
energy source in food from plants. They are the molecules that cells can break down most
quickly for their energy, so carbohydrates are most valuable when an animal needs energy in a
hurry. Cells need more time to extract energy from fats than carbohydrates, and fats are also
more difficult to transport from one place to another within the body--unlike carbohydrates,
fats do not dissolve easily in water, the main component of blood. The body must package fat
molecules in protein envelopes or partly disassemble them before transporting fat molecules in
the blood. Fat molecules have one major advantage over proteins and carbohydrates,
however. Every gram of fat can be broken down to give over twice as much energy as a gram of
protein or carbohydrate. Fat’s advantage over carbohydrate is even greater, because of every
gram of carbohydrate must be bound to three or four grams of water when stored, so every
gram of fat gives at least ten times more energy than a gram of stored carbohydrate bound to
water. If an animal needs to store energy in a form that must be carried around, fat is the
obvious choice. A given weight of fat will yield twice as much energy as protein and ten times
more than carbohydrate. Fat is the universal choice for energy storage throughout the animal
kingdom, and most animals can easily convert the proteins or carbohydrates in their diets into
fats for storage.” (Alexander, D.E.; Vogel, S. pp. 160-161).
“Fats are: i) integral components of cell membranes, influencing their structure and function; ii)
precursors for eicosanoids that regulate blood clotting, blood pressure and immune function as
well as hormones critical for reproductive function (e.g., estrogens, testosterone) and bone
health (calcitriol); iii) a carrier for fat soluble vitamins; iv) a thermal insulator; v) a shock
absorber; vi) an energy substrate and vii) a source of sensory stimulation. Consequently, it is
plausible that mechanisms evolved to promote fat intake...the metabolic feedback following
actual ingestion of such an energy dense substance is rewarding [3,4]. Recently, evidence has
emerged that fatty acids are ‘‘tasted’’ in post-oral regions of the GI tract and in the periphery
with implications for ingestion. The term ‘‘taste’’ is used for sensing fatty acids outside the oral
cavity because taste transduction mechanisms reportedly present in the oral cavity for fatty
acids are ubiquitous. For example, delayed rectifying potassium channels linked to fat detection
by oral taste receptor cells are also present in the intestine, pancreas, liver and heart [5,6]. The
fatty acid transporter protein, CD36, is located on oral taste receptor cells as well as in the
intestine, adipose tissue, skeletal muscle, heart and brain [7 – 12]. Within the intestine, CD36
mediates the release of hormones linked to appetite such as CCK [13] and PYY [14].” (Mattes,
R.D.).
“The taste effects are subtle, likely vary with fatty acid saturation and chain length, could be
altered by one’s energy balance and may be expressed differentially across individuals....The
physiological and nutritional implications of fat sensing are broad. Oral fat exposure initiates
cephalic phase responses throughout and beyond the GI tract. To date, documented effects
include: gastric lipase secretion, modulated GI transit, pancreatic exocrine secretions, gut
hormone release, mobilization of stored lipid from enterocytes, pancreatic endocrine secretion
and altered lipoprotein lipase activity. Through the above activities, oral fat exposure may
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influence appetitive responses, food intake, nutritional status and disease risk. Intriguingly,
differential responsiveness to fatty acids has been identified in obesity prone and resistant rats
[66].” (Mattes, R.D.).

STEREOSPECIFICITY
Studies on animals and infants suggest that the presence of the saturated fatty acid palmitic
acid in the central position of a triglyceride results in enhanced lipid absorption and alterations
in lipid metabolism that raise levels of blood cholesterol and triglycerides, and contribute to the
buildup of plaque in arteries. The presence of a saturated fatty acid in the central position of a
triglyceride is relatively rare among natural oils and fats, but is characteristic of lard, butter and
milk (bovine and human) fats. Plant oils and fats typically have an unsaturated fatty acid in the
middle position and saturated fatty acids on the ends. This is even the case with plant oils and
fats with high saturated fat contents such as cocoa butter and palm oil.
While studies on animals and infants provide strong evidence that the position of a fatty acid on
a triglyceride will determine how it is digested, absorbed, and metabolized, as well as how it
may impact cardiovascular health, the studies done thus far on adult humans do not
corroborate these findings. In adults, the distribution of fatty acids on a triglyceride has not yet
been shown to have any significant effects upon the digestion, absorption, or metabolism of
those fatty acids, nor has it altered levels of blood lipids and cholesterol to any degree thought
to have significant effects upon health. Thus far, in adults there is little evidence that the
presence of the saturated fatty acid palmitic acid in the central position negatively affects blood
cholesterol and triglyceride levels, or has any negative effects upon health overall. More
research is needed, including studies of longer duration and with more participants. The food
industry’s shift towards using more ‘interesterified’ or ‘randomized’ fats that have been
modified in their natural fatty acid distribution in order to achieve certain physical
characteristics and prolong shelf life makes research into how such changes may impact health
of increasing importance.
Summary
Triglycerides are the primary lipids consumed in the human diet. Triglycerides consist of 3 fatty
acids attached to a glycerol backbone. The positioning of specific fatty acids in either the
middle (sn-2) position, or on the ends (sn-1 & sn-3) varies with different types of fat. The
research now is focusing on how the positioning of fatty acids on a glycerol backbone influences
its digestion, absorption, metabolism, and its overall nutritional properties as a whole. Thus,
the hypothesis is that it is not just a fat’s fatty acid content, but also the way in which the fatty
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acids are distributed on a fat’s triglycerides that will determine how it will act within the body

to influence health.
Figure 1. The Structure of the Triacylglycerol molecule (Berry & Sanders 2005)

Fats with similar fatty acid compositions often do not have the same fatty acid distribution on a
triglyceride. For instance, lard and tallow have similar levels of the saturated fatty acid palmitic
acid, but the location of palmitic acid on the glycerol backbone differs between the two fats. In
lard, palmitic acid is located in the central (sn-2) position, while in tallow, palmitic acid is
present on the ends (sn-1, sn-3) of the triglyceride. The presence of a saturated fatty acid in
the middle (sn-2) position of a triglyceride is unique to lard, butter and milk fats, and is not
generally found among plant derived lipids. Oils and fats derived from plants typically have an
unsaturated fatty acid (poly- or mono-) in the middle (sn-2) position bound by two saturated
fatty acids positioned on the ends. This is the case even with plant oils and fats known for their
high saturated fatty acid content such as coconut oil, cocoa butter, and palm oil which all
contain their saturated fatty acids on the ends (sn-1, sn-3) of the triglyceride, and have an
unsaturated fatty acid in the middle.
The saturate palmitic acid accounts for ~75% of the fatty acids present in the middle (sn-2)
position in the fat of human and bovine milks. The unique positioning of palmitic acid in the
central location is thought to aid in the infant’s absorption of fat. Studies have shown that the
ingestion of breast milk or formulas containing predominantly palmitic acid in the middle
position results in increased absorption of palmitic acid, and fat in general, as compared to
infants fed formulas with palmitic acid located on the ends of the triglyceride. This is most
likely due to the way in which triglycerides are broken down with digestion that renders the
central fatty acid into a more readily absorbable form, and frees the fatty acids on the ends
making it more likely that they will become bound to calcium and magnesium within the gut
and be excreted in the feces. In both animal (rabbits & rats) studies and studies on infants,
saturated fatty acids—specifically palmitic and stearic acids—in the central sn-2 position display
greater absorption, and the presence of more saturated fatty acids in the sn-1 and sn-3
positions results in increased excretion of fat in the feces.
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Not only do saturated fatty acids located in the middle of a triglyceride display better
absorption in infant and animal studies, but the presence of the saturate palmitic acid in the
central position also appears to decrease the rate in which lipids are cleared from the blood
after a meal. The combination of increased absorption and delayed clearance of lipids from the
blood results in a more pronounced and prolonged rise in blood lipids in response to a meal
than is seen with fats containing mainly unsaturated fatty acids in the central position. With
more lipids flowing through the blood for a longer period of time, the likelihood of those lipids
becoming deposited into the blood vessel lining increases along with the risk for plaque
buildup, formally known as atherosclerosis. In both rabbits and rats, palmitic acid located in
the middle (sn-2) position has been found to be more atherogenic (causing more plaque
buildup) than fat with palmitic acid positioned on the ends. In one study, rabbits fed lard which
contains almost all of its palmitic acid in the middle position had significantly more
atherosclerosis (plaque buildup) than rabbits that were fed tallow with palmitic on the ends.
The ingestion of fats containing palmitic in the middle position has actually been found to
increase the degree of atherogenesis in rabbits in a dose dependent manner.
Studies in animals and infants also suggest that the positioning of fatty acids on a triglyceride
can affect levels of cholesterol and triglycerides circulating in the blood. In rats, newborn
piglets and human infants, more palmitic acid in the middle (sn-2) position results in higher
total blood cholesterol and triglyceride levels. Interestingly, fats with the saturates palmitic and
stearic acids located in the end (sn-1, sn-3) positions such as cocoa butter and tallow appear to
have a neutral or lowering effect upon blood cholesterol levels suggesting that the location of
saturated fatty acids on a triglyceride may determine their effects upon blood cholesterol. All
together, these studies on infants and animals provide strong evidence that the positioning of
fatty acids on a triglyceride determine how the fatty acids will be digested and absorbed, their
effects upon blood lipids levels, and the likelihood they will contribute to plaque buildup. More
specifically, these studies provide evidence that among infants and the animals tested, the
ingestion of fats containing more palmitic acid in the central (sn-2) position results in abnormal
blood lipids and increased deposition of plaque in the arterial wall.
As compelling as the evidence from these studies may be, these effects have not yet been
replicated in adult humans. The human studies done thus far suggest that the way fatty acids
are distributed in a triglyceride has no significant effects upon their digestion or absorption.
The long-chain saturates palmitic and stearic are absorbed well from every position. There is
not yet any evidence that fatty acid distribution alters the rate at which lipids are cleared from
the blood in adult humans. In studies on adult humans directly comparing fats with similar
fatty acid composition but that differ in the way those fatty acids are positioned, no significant
differences were found in the levels of blood lipids including total cholesterol, LDL-cholesterol,
HDL-cholesterol, and triglycerides. Small but significant increases in LDL and total cholesterol
were observed with the ingestion of a fat with high amounts of palmitic acid in the sn-2
position compared to a diet rich in palm oil with more palmitic acid in the end positions.
However, these increases in LDL and total cholesterol were not to any degree that would have
significant effects upon health. In contrast to the animal studies, adult human studies thus far
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have provided little evidence that the location of palmitic acid can influence blood lipid levels,
nor is there evidence indicating that fats rich in sn-2 saturated fatty acids have negative effects
upon health. While there has been some evidence that fatty acid distribution can influence
concentrations of blood lipids after a meal, the evidence thus far is conflicting.
The inconsistencies between the animal, infant, and adult human studies may be due to several
factors. The adult human studies done so far have generally been of short duration and with a
small number of participants. Longer studies with more study subjects are needed to assess
the chronic effects of fats with different fatty acid distributions. No studies have yet been done
directly looking at the influence of different fatty acid positioning upon cardiovascular disease
risk factors in humans. Future studies will try to identify not just the particular fatty acids that
promote atherogenesis or influence risk factors for cardiovascular disease, but the specific
distribution of fatty acids on a triglyceride that contributes to risk.
Research into how the positioning of fatty acids alters the way in which fatty acids act within
the body and affect health is now of particular importance as the food industry continues to
utilize more and more fats with modified fatty acid distribution. These industrially altered
fats—formally known as “interesterified” or “randomized” fats—are used to modify the texture
and increase the shelf-life of fats. With greater public awareness of the dangers of consuming
trans fatty acids, the food industry has shifted towards using more fats with altered fatty acid
positioning in place of trans fats. The health implications of this shift are not yet clear.
Further Evidence
The location of fatty acids on the glycerol backbone of a triglyceride differs among various lipid
sources. The location of a fatty acid will influence its digestion, absorption and metabolism.:
“During the last five decades, human and animal studies have established the role of fat intake
[1, 2], degree of unsaturation [3–5], chain length [6, 7], and double bond geometry [8, 9] of
dietary fat and fatty acids in the regulation of blood lipid and lipoprotein levels and their role in
developing coronary heart disease. Individual fatty acids’ effect on serum lipid profile has been
well studied according to the literatures [10]. However, dietary fatty acids are present in the
form of triacylglycerols (TAG), and TAG structure also affects its nutritional properties [11].
Native vegetable oils have more unsaturated fatty acids in the sn-2 position, while the
saturated fatty acids occupy more in the sn-1,3 positions. Conversely, some native fats, such as
human milk fat and lard, have more saturated fatty acids in the sn-2 position compared to the
sn-1,3 positions. The study of the effect of TAG structure on lipid metabolism is of a particular
interest because of the food industry’s using of interesterified or randomized fats to achieve
the plasticity and solid fat content profiles in an effort of eliminating partial hydrogenation and
trans-fatty acids in diets.” (Wang, Wang, Wang 2016).
“In lard (Brockerhoff et al., 1966; Christie and Moore, 1970) and in human milk fat, palmitic acid
is the predominant fatty acid in the sn-2 position (Christie, 1986). In beef tallow and other
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bovine adipose tissues, oleic acid comprises nearly 50% of the fatty acids in the sn-2 position,
while palmitic, stearic, and oleic acids are the major fatty acids in the sn-1 and sn-3 positions
(Smith et al., 1998).
Seed oils tend to have polyunsaturated fatty acids (PUFA) in the sn-2 position, but relatively
small differences can be found between the primary positions, although less abundant fatty
acids are often concentrated in the sn-3 position…The absence of palmitic acid in the sn-2
position is characteristic of plant TAGs in general (Litchfield, 1973). Long chain PUFAs are
located predominantly in the sn-2 position in fish and squid oil and in the sn-1 and sn-3
positions in seal oil (Christensen et al., 1994; Ikeda et al., 1998; Myher et al., 1996).”
(Linderborg & Kallio 2005).
“In vegetable fats and oils, SFA are found predominantly in the outer positions and unsaturated
fatty acids in the middle position of the TAG, whilst in animal fats, the middle position of the
TAG contains a high proportion of SFA. It is plausible that differences in the positional
composition between animal and plant fats may account for differences in their effects on
plasma lipids and CHD risk.” (Berry 2009).
“However, TAG are synthesised in nature by enzyme systems (acyl tranferases) which have
specificity for different positions; therefore in plants and animals specific fatty acids occupy
specific positions on the TAG molecule depending upon the species. The positional composition
of some common vegetable and animal fats rich in long-chain SFA are shown in Table 1. In
vegetable fats and oils, SFA are found predominantly in the external sn-1 and sn-3 positions and
unsaturated fatty acids in the sn-2 position of the TAG. Conversely, in animal fats, the sn-2
position of the TAG contains a high proportion of SFA.” (Berry 2009).
“The stereospecificity of fatty acids in TAGs are characteristic for native oils and fats as
indicated in Table 1[26, 27, 28, 29]. TAG molecules making up adipose tissue of animals, largely
have a saturated fatty acid (SFA) at the sn-1 position and an unsaturated fatty acid at the sn-2
position [24, 27]. For instance, in beef tallow C16:0 is at sn-1 position and C18:1 is at sn-2
position as seen in POO, POP and POS TAGs but vary in the fatty acids located at sn-3. Contrary
to this, in butter fat, C16:0 is not exclusive to sn-1 but occupies sn-2 in two-thirds of TAG
species as seen for PPB, PPC and PPO TAGs. In lard, C16:0 is located exclusively at the sn-2
position, with an unsaturated fatty acid at sn-3 but the fatty acid occupying the sn-1 position is
highly variable, as in SPO, OPL and OPO TAGs[28].” (Karupaiah & Sundram 2007).
“In most vegetables oils, either C18:1 or C18:2 are exclusively at the sn-2 position in TAG
species like OOO, LLL, POL and LLO [24, 29]. Linolenic acid (C18:3) occurs less commonly, but
when present, is at the sn-3 position as seen for OOLn in canola oil. SFAs in vegetable oils such
as palm oil and cocoa butter, occur primarily at the sn-1 position as in POL, POO, POS, SOS, POP
and PLL, rarely at the sn-3 position such as POP, LLP and OOP, but to a lesser extent at the sn-2
position. Contrary to this trend, in coconut oil most SFAs ≤ 14 carbon atoms are equitably
distributed in all three stereospecific positions as seen in DDD, CDD and CDM species (M =
myristic; D = dodecanoic or lauric acid; C = capric), with C12:0 characteristically occupying the
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sn-2 position. Oleic acid is prevalent in TAG species of animal or plant origin, commonly at the
sn-2 position as observed in olive oil, beef tallow, cocoa butter, palm oil, peanut oil and canola
oil but exclusive to the sn-1 and sn-3 positions only in lard [24, 29].” (Karupaiah & Sundram
2007).

Table 4. Stereospecificity of dominant TAG molecular species in natural fats and oils (Karupaiah &
Sundram 2007)

“In addition to chain length and degree of saturation of fatty acids, it is now recognised that the
positional composition of TAG may be an important determinant of digestibility and
metabolism. This is because pancreatic lipase(15) and lipoprotein lipase(16) preferentially
hydrolyse the fatty acids in the sn-1 and sn-3 positions of TAG, leaving the fatty acid in the sn-2
position as a 2-monoacylglycerol (MAG). The positional specificity of pancreatic lipase may be
advantageous for the absorption of SFA located in the sn-2 position due to the better
absorption of SFA as a 2-MAG (due to its polar (glycerol) and non-polar (fatty acid) moieties)
rather than as NEFA. Furthermore, long-chain SFA present in the intestine as NEFA (hydrolysed
from the sn-1 and sn-3 position of TAG) have high individual melting points (stearic acid, 698C;
palmitic acid, 648C) and tend to form insoluble soaps with Ca and Mg in the gut(17). It is
therefore plausible that long-chain SFA are better absorbed if situated in the sn-2 position than
if in the sn-1 and sn-3 positions, as shown in rat studies(18,19) and human infants(20,21).”
(Berry 2009).
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“Our group also recently reported stearic acid to be well absorbed whether in the sn-1, sn-3
position or the sn-2 position(22). In a cross-over design study, sixteen healthy male subjects
consumed 30 g fat/d as native shea butter (stearic acid in the sn-1 and sn-3 positions) or
randomly chemically interesterified shea butter for 3 weeks. At the end of each 3-week feeding
period, 3d faecal collections were made and total fat (excretion 3·5 – 3·9 g/d) and stearic acid
(excretion 1·9 – 2·1 g/d) were found to be well absorbed from both fats with no differences in
digestibility between fats. Others have also reported stearic acid to be well digested whether
distributed in the sn-1 and sn-3 positions of the dietary TAG(49) or as a randomly interesterified
stearic acid-rich fat(46,50 – 52). Human studies have also shown that the digestibility of
palmitic acid is high in human subjects when in the outer positions(47,48), or randomly
distributed on all three positions of the glycerol(51).
The above studies demonstrate that in human adults, stearic and palmitic acid are well digested
independently of their position in the TAG…In summary, the positional composition of stearic
and palmitic acid-rich TAG influences digestibility in animals and human infants but there is
little evidence to suggest it affects digestibility or energy balance in adult humans.” (Berry
2009).
“Fatty acids esterified to the sn-1,3 positions are released in the intestinal tract as free fatty
acids, but 78 % of fatty acids in the sn-2 position are preserved in the form of 2monoacylglycerols (2-MAG) during the hydrolysis [11]. MAG molecules are re-acylated to
produce TAG in the enterocytes and TAG are further incorporated into chylomicrons [13]. Long
chain and high-melting saturated fatty acids in the sn-1,3 positions are partly excreted in the
feces through the formation of calcium soaps [15, 16], indicating poorer absorption compared
to if they are located in the sn-2 position. Evidences imply that TAG with saturated fatty acids in
the sn-2 position would be absorbed more efficiently but cleared from the blood more slowly,
which results in a more pronounced and prolonged postprandial lipemia response compared to
TAG with unsaturated fatty acids in the sn-2 position [17–24].” (Wang, Wang, Wang 2016).
“It is well documented that in animals and infants TAG structure plays a key role in the lipid
digestibility and absorption; the saturated fatty acids in the sn-2 position are absorbed more
efficiently compared to the saturated fatty acids in the sn-1,3 positions [35–39]. Enhanced
absorption when long chain saturated fatty acids are attached to the sn-2 position compared to
sn-1,3 positions may be explained by the polarity difference and the capacity difference in
forming the micelle with bile acids [11, 40]. However, the more likely reason in the absorption
difference may be the formation of insoluble calcium soaps since long chain saturated fatty
acids released from the sn-1,3 positions in the intestinal lumen tend to bind with Ca and Mg
ions to form insoluble salts [36]. Stearic and palmitic acid also have high melting points (69 and
64 °C, respectively) and their soaps are solid under body temperature, leading to a reduced
digestibility.
However, TAG structure does not appear to influence absorption and digestion in human adult
and in some animal experiments [41–43]. Stearic and palmitic acid seem to be well digested
regardless of their position in TAG in human adults. Studies suggested that pancreatic lipase
activity is higher in human adults than in infants, but this needs further experimental
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confirmation. A more comprehensive review regarding the effect of interesterification on fat
absorption and lipemia has been presented by Berry et al. [11] and Karupaiah and Sundram
[24]. In general, human studies on adults shows that TAG structure has no effect on
digestibility.” (Wang, Wang, Wang 2016).
“The saturated fatty acids in the sn-1 and -3 position of triacylglycerols can exhibit different
metabolic patterns due to their low absorptivity. This means that dietary fats containing
saturated fats primarily in sn-1 and -3 positions (e.g., cocoa butter,' coconut oil, and palm oil)
can have very different biological consequences than those fats in which the saturated fats are
primarily in the sn-2 position (e.g., milk fat and lard).” (Decker 1996).
“Although cocoa butter and milk fat have similar levels of saturation, the saturated fatty acids
in cocoa butter are primarily palmitic (42.5%) and stearic (55%) acids, whereas milk fat contains
a wide variety of fatty acids including stearic (19%), palmitic (42%), myristic (16%), and
medium- and short-chain fatty acids ( S C 12:O = 23%). Other examples are beef tallow and
palm oil, which both contain approximately 51% saturated fatty acid. However, beef tallow
contains 38% stearic acid and 50% palmitic acid, and palm oil contains 9% stearic acid and 88%
palmitic acid.
Apparent contradictions of the interrelationship between fatty acids and disease can be
partially attributed to the fact that current fatty acid classification systems do not always
accurately reflect their biological and nutritional roles. Stearic acid best signifies this problem,
because unlike other saturated fatty acids, it does not raise serum and LDL cholesterol
concentrations. Stearic acid's lack of atherogenic properties has been attributed to its rapid
conversion to oleic acid in the liver, to differences in its effects on LDL receptor activity, and to
the lower gastrointestinal absorption rates of stearate, especially when found in the sn-1 and -3
positions of the triacylglycerol.” (Decker 1996).
“Fatty acids in dietary fats can exhibit very different stereospecific patterns. For instance,
palmitic acid is primarily in the sn-2 position in milk fat and lard, but is in the sn-1 and -3
position in plant fats and tropical oils. Oleic acid in cocoa butter is found primarily in the sn-2
position. In lard, oleic acid is in the sn-1 and -3 positions, and in other fats (e.g., olive and
peanut oil), it is more evenly distributed among all three positions.’ Cocoa butter has very high
levels of saturated fatty acids, especially in the sn-1 and -3 positions, but does not influence
serum lipid concentrations to the same extent as other dietary sources of saturated fatty acids.
Unfortunately, it is not totally clear whether the decreased hypercholesterolemic and
hyperlipidemic effect of cocoa butter is due to its high stearic acid concentration or to the fact
that the saturated fatty acids are in the sn-1 and -3 positions.” (Decker 1996).
“Human milk fat contains approximately 68% of its palmitic acid in the sn-2 position, whereas
bovine milk has 43% palmitic acid in the sn-2 position. Differences in stereospecificity between
human and bovine milk in infant formulas lead to lower absorption rates compared with human
milk. Because tropical oils have a low proportion of palmitic acid in the sn-2 position, Lien and
coworkers postulated that altering the stereospecific composition of formula would improve its
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absorption. They studied rats that were fed coconut oil and palm olein combinations, either in
their native state or interesterified. In a mixture of 25:75 coconut:palm olein, 93% of the
palmitate was in the sn-1 + -3 position in the native fats, and 65% of the palmitate was sn-1 + -3
in the interesterified fats. Interesterification significantly decreased the fecal excretion of
saturated fatty acids, suggesting that increasing the amount of palmitic acid in the sn-2 position
could increase absorption. Innis et al. fed similar concentrations of palmitic acid (27-31%) to
piglets either in the form of sow’s milk (55% 16:0 in sn-2) or in a formula containing
interesterified triacylglycerols (originating from palm, sunflower, and canola oils; 70% 16:0 in
sn-2). They observed an increased incorporation of palmitic acid in plasma triacylglycerols and
cholesterol esters 4 hours after feeding compared with palm oil (4% 16:O in sn-2). Renaud et al.
also found the stereospecific location of fatty acids to be biologically important. In a study
where rats were fed diets containing either palm oil (58% palmitic at sn-1 and -3), lard (65%
palmitic at sn-2), or their interesterified counterparts, fecal excretion of palmitic acid was
greatest in the diets that contained high amounts of palmitic acid at the sn-1 and -3 positions
(native palm and interesterified lard). Interesterification of lard decreased incorporation of
palmitic acid in plasma lipids and decreased total plasma triglycerides…This research indicates
that the positional distribution of fatty acids is an important determinant of their metabolic
fate.” (Decker 1996).
“The quantitatively most important lipid component in the human diet is triacylglycerol (TAG),
which may amount to 100 g per day or more. The fatty acyl groups in dietary TAGs may vary in
chain length from C2 to C24 and from saturated fatty acids to unsaturated fatty acids with up to
six double bonds.Lipids having similar fatty acid compositions do not necessarily have the same
fatty acid distributions in their TAGs, for instance eicosapentaenoic acid (20:5n−3) and
docosahexaenoic acid (22:6n−3) are mainly located in the sn1,3-positions of TAGs from marine
mammals whereas they are enriched in the sn2-position of TAGs from fish oil. Evidence is
accumulating that both the overall fatty acid profile and the intramolecular structure of dietary
fats are of importance when considering the nutritional effects of a given fat.” (Mu & Porsgaard
2005).
“Some of the papers related to fat absorption have focused on the importance of the TAG
structure of human milk, which is particular in the high content of 16:0 in the sn2-position. This
has been proven to be important for optimal energy absorption in infants [36] and [37] and has
formed the rationale for products such as Betapol for infant milk formulas.” (Mu & Porsgaard
2005).
“By pancreatic lipase in vitro, TAGs containing MCFAs in the sn-1 and sn-3 positions and LCFAs
in the sn-2 position are hydrolyzed at a similar rate as TAGs comprising MCFAs only, and more
rapidly than TAGs comprising of LCFAs (Jandacek et al., 1987). Similarly, structured lipids
containing LCFAs in the sn-2 position and MCFAs in the sn-1 and sn-3 positions are hydrolyzed
more rapidly than structured lipids containing MCFAs in the sn-2 position and LCFAs in the sn-1
and sn-3 positions (Nagata et al., 2003).” (Linderborg & Kallio 2005).
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“Half of the dietary energy of newborns comes from human milk fat or fat in formula. Palmitic
acid contributes about 75% of the sn-2 position fatty acids in human milk fat, while most milk
formulas are based on vegetable oils and contain palmitic acid predominantly in the sn-1 and
sn-3 positions…In animals and infants, absorption of palmitic and stearic acids is inferior from
the sn-1 and sn-3 positions compared with from the sn-2 position of TAGs. This results from the
sn-1/3 specific action of digestive lipases and the formation of insoluble soaps from saturated
fatty acids and divalent cations in the gut, as well as from the increased concentration of bile
acids needed to maintain saturated fatty acids with melting points above body temperature in
mixed micelles. Once in the blood, saturated fatty acids in the sn-2 position delay the clearance
of lipoprotein remnants. This may be due to alterations in the physical properties of the
chylomicron surface layer.
In infants and young animals, the amount of dietary absorbed fat correlates with the proportion
of palmitic acid in the sn-2 position. Release of fatty acids as calcium soaps may cause digestive
problems, although infants may eat enough to meet their energy requirements. The positional
distribution of palmitic acid is connected to potentially important changes in lipid metabolism.”
(Linderborg & Kallio 2005).
“In addition to overall fatty acid composition, the stereospecific distribution of fatty acids in a
particular fat also should be considered when fatty acid effects are examined. Fatty acids can
occupy any of three positions on the glycerol backbone, designated as sn-1, sn-2, and sn-3 (“sn”
stands for “stereospecific numbering”). Table 1 (9–13) illustrates the positional distribution of
fatty acids in the triacylglycerols of several natural oils and fats. Among animal fats, bovine milk
fat and lard (pork fat) contain mainly saturated fatty acids in the sn-2 position, whereas tallow
contains saturated fatty acids primarily in the sn-1 and sn-3 positions. Oils and fats of plant
origin, such as soybean oil and cocoa butter, contain unsaturated fatty acids in the sn-2 position
and saturated fatty acids in the sn-1 and sn-3 positions. In lard, oleic acid is mostly in the sn-1
and sn-3 positions, whereas in cocoa butter, oleic acid is almost entirely in the sn-2 position. In
peanut oil and olive oil, oleic acid is more evenly distributed among all three positions.” (Hunter
2001).
“The stereospecific position of fatty acids is important because it determines how triglycerides
are digested. The process by which triglycerides are broken down in vivo was established by
Mattson and Volpenhein (17). These investigators showed that during digestion in the
gastrointestinal tract, pancreatic lipase, an enzyme highly specific for the sn-1 and sn-3 esters,
catalyzes the formation of sn-2 monoglycerides and free fatty acids that are absorbed in the
small intestine. The 2-monoglycerides are reacylated into new triglycerides that enter the
lymph chylomicrons.
Fatty acids released from the sn-1 and sn-3 positions often have different metabolic fates than
fatty acids retained in the sn-2 position. These metabolic fates depend on the fatty acid chainlength and stereospecific location on the triglyceride. SCFA and MCFA (≤10 carbon atoms) can
be solubilized in the aqueous phase of the intestinal contents, where they are absorbed, bound
to albumin, and transported to the liver by the portal vein. Longer-chain fatty acids, such as
palmitic and stearic, have low coefficients of absorption because of melting points above body
98

temperature and because of their ability to form calcium soaps. Thus, fats with long-chain fatty
acids in the sn-1 and sn-3 positions of triacylglycerols may exhibit different absorption patterns
from fats with these fatty acids in the sn-2 position…The specific positioning of 16:0 at the 2position of human milk triglycerides has been suggested as one of the reasons for the high
efficiency of absorption of fat from human milk (19,22). Support for this hypothesis has been
provided by studies showing better absorption of total dietary fat or 16:0 by infants fed formula
with 16:0 esterified to the sn-2 position rather than to the sn-1 or sn-3 positions of the dietary
triglycerides (19,23)…All of these studies demonstrated that modifying the dietary triglyceride
structure to increase the level of palmitic acid in the sn-2 position led to increased absorption
of palmitic acid.” (Hunter 2001).
Stereospecific Structure of Triglycerides in Coconut Oil maximizes the rapid absorption of
medium-chain fatty acids: “On the other hand, Pham and co-workers [9] analyzed coconut oil
from the Philippines using pancreatic lipase which has specificity for sn-1 and sn-3 positions.
They determined that 54.3 % of the coconut TAG has lauric acid in the sn-1 and -3 positions and
44.1 % in the sn-2 position. The presence of capric acid in the same positions was 4.9 and 1.6 %,
respectively (Fig. 3). This means that at least 59.2 % (54.3 % + 4.9 %) of coconut TAG has MCFA
in the sn-1 and sn-3 positions and at least 45.7 % (44.1 % + 1.6 %) have MCFA in the sn-2
position…Regiospecific analysis of coconut oil has revealed its triglyceride structure and
positional distribution of lauric acid. The presence of lauric acid in the sn-1/sn-3 positions and
the sn-2 position has important consequences with respect to the digestion of coconut
oil…Hydrolysis by lingual, gastric and pancreatic lipase is regiospecific and the rate is more rapid
if MCFA occupy the sn-1 and sn-3 positions in the TAG as opposed to LCFA [14, 15]. Since 54.3 %
of coconut oil TAG contains lauric acid in sn-1 or -3 positions (and almost 60 % if capric acid is
included), [16] coconut oil is very rapidly absorbed. On the other hand, lipase hydrolyzes TAG
with LCFA and long-chain polyunsaturated fatty acids (PUFA) in the sn-1 and -3 positions less
efficiently, leading to slower absorption of such fats and oils [17]…Lauric acid makes up
approximately half of the fatty acids in coconut oil and detailed studies show that lauric acid
accounts for many of the properties of coconut oil. The triglyceride structure of coconut oil
enables it to be digested more rapidly compared with other vegetable oils with predominantly
long chain fatty acids (LCFA).” (Dayrit 2015).
In studies on infants and animals, a fatty acid’s position on the glycerol backbone of a
triglyceride has been shown to affect blood lipid and cholesterol levels, and may determine the
fatty acid’s potential for contributing to plaque buildup. Studies on adult humans have not yet
confirmed these findings.:
“Modifying the structure of dietary fats by interesterification has been found to affect not only
the absorption characteristics of certain fats but also their atherogenic potential in animals. It
should be noted, however, that while several different native and interesterified fats have been
compared in animal studies, only two fatty acids have been studied for their possible positional
effects, primarily palmitic, and to a lesser extent, stearic…Specifically, fats bearing palmitic acid
(but not stearic acid) in the sn-2 position have increased atherogenicity compared to fats with
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palmitic acid in the sn-1 or sn-3 positions. The mechanism of this effect was suggested to be
related to greater absorption of the atherogenic fat…the more atherogenic fats were those in
which there was a higher level of palmitic acid in the sn-2 position compared with the sn-1 or
sn-3 positions. Thus, native lard (with palmitic acid primarily sn-2) was more atherogenic than
interesterified lard (31), and interesterified cottonseed oil (having more palmitic acid sn-2) was
more atherogenic than native cottonseed oil (32). The increased atherogenicity of native
peanut oil compared with randomized peanut oil (29) may have been more closely related to a
higher level of lectin in the native oil than to a change in triglyceride structure.
It has been reported that the presence of a saturated fatty acid in the sn-2 position of a
triglyceride slows its removal from the bloodstream (35). Thus, the in vivo residence of a fat
with palmitic acid in the sn-2 position would be increased and the probability of its deposition
increased. Kritchevsky et al. (32) suggested that the combination of enhanced absorption and
persistence in the circulation of fats with palmitic acid in the sn-2 position adds up to increased
availability and exposure to the aorta, even when levels in the blood do not
differ…randomization that increases the level of palmitic acid in the sn-2 position appears to
increase the risk of atherosclerosis in susceptible species such as rabbits, whereas procedures
that decrease the level of palmitic acid in the sn-2 position appear to decrease atherosclerosis
risk. The increased risk of atherosclerosis from palmitic acid in the sn-2 position may be related
to the combination of enhanced absorption and less active removal from the circulation of
palmitic acid. This, in turn, could lead to increased exposure of the aortic tissue to this fatty acid
and possibly to increased fat deposition. Other fatty acids that have been studied following
randomization (e.g., stearic acid) have not shown the same properties with respect to
atheroslerosis.” (Hunter 2001).
“The arrangement of fatty acids (FA) on the glycerol backbone of triacylglycerols (TAG) among
natural fats has been indicated to be responsible for specific effects on lipoprotein metabolism
and atherogenesis which may not be predicted from the unsaturated index alone. Typically,
hypercholesterolemic animal fats such as bovine milk fat and lard contain mainly saturated FA
on the sn-2 position. In contrast, in most vegetable oils such as cocoa butter unsaturated FA
occupy the sn-2 position and saturated FA are usually located in the sn-1 and sn-3 positions.”
(Kubow 1996).
“This literature review has attempted to evaluate whether the stereospecific position of a fatty
acid can be related to its biological effects. Based on studies conducted by Kritchevsky et al.
(28,29,31,32,34), only two fatty acids, palmitic acid and, to a lesser degree, STE, have been
evaluated in this regard. Based on these studies, it appears that fats with increased levels of
palmitic acid in the sn-2 position may be more atherogenic to rabbits than those with palmitic
acid largely in the sn-1 and sn-3 positions.For instance, randomized cottonseed oil was found to
be more atherogenic to rabbits than native cottonseed oil (32). On the other hand, the
stereospecific positioning of palmitic acid appears to have little effect on blood lipid and
lipoprotein levels, as indicated by studies that showed no significant differences in blood lipids
and lipoproteins after feeding native compared to interesterified fats (28,29,31,32,34). In
addition, enhancing the level of STE in the sn-2 position has not been found to affect either
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atherogenic potential or levels of blood lipids and lipoproteins (34). Thus, to date, palmitic acid
is the only fatty acid I am aware of with stereospecific positioning related to the atherogenicity
of the test fat…Similar studies on atherogenicity have not been reported with the other
recognized cholesterolemic saturated fatty acids, namely, lauric and myristic. Furthermore,
different species may vary in their responsiveness to dietary palmitic acid in the sn-2 position,
considering that rabbits have shown atherosclerotic susceptibility (28,29,31,32,34) but
hamsters have not (Nicolosi, R.J., Wilson, T., and Lawton, C., personal communication).”
(Hunter 2001).
“Studies with human adults conducted to date have not shown significant effects on blood lipid
parameters of inter-esterified fats compared with native fats. On the other hand, one study
with human infants (43) reported higher levels of HDL-cholesterol in infants fed breast milk
(large amount of palmitic acid at the sn-2 position) compared with infants fed formulas with
much less palmitic acid at the sn-2 position. More work is needed in order to establish whether
a relationship exists between the stereospecific position of a fatty acid and its biological
effects.” (Hunter 2001).
“The distribution of fatty acids in human milk triacylglycerol is unusual in that palmitic acid is
preferentially found at the 2 position, whereas unsaturated fatty acids such as oleic acid (18:1)
and linoleic acid (18:2n−6) are preferentially esterified at the 1 and 3 positions (10). In contrast,
vegetable oils and nonmilk fats used in infant formula have 16:0 esterified at the 1 and3
positions of the triacylglycerol (11)…In summary, these studies showed that ≈50% of the 16:0 at
the 2 position of human milk triacylglycerol and formula with synthesized triacylglycerol is
transferred to the chylomicron triacylglycerol 2 position of breast-fed and formula-fed infants,
respectively. Furthermore, these studies showed that the effect of dietary triacylglycerol fatty
acid distribution extends beyond facilitating the absorption of long-chain saturated fatty acids
(11,30,31) to affecting plasma lipoprotein lipid and apolipoprotein concentrations and possibly
metabolism.” (Nelson & Innis 1999).
“It is well established that saturated fatty acids in the sn-2 position of triacylglycerols (TAG)
have better digestibility and lower postprandial chylomicron clearance compared to those in
the sn-1,3 positions in animal experiments. TAG structure is also shown to affect fasting lipid
level and atherosclerosis in animals, but fat interesterification it has been shown to not affect
fasting lipid level in human adults. However, its effect on postprandial responses is
controversial.” (Wang, Wang, & Wang 2016).
“There is considerable evidence to support that TAG and cholesteryl ester (CE) removal from
the chylomicron is affected by chylomicron TAG structure [17–19, 21, 44]. Therefore, dietary
TAG structure may influence the residence time of chylomicron and TAG levels in circulation,
thus it can have critical impact on the development of atherosclerosis.
Saturated fatty acids in the sn-2 position significantly decreased the TAG and CE clearance from
the plasma [21, 22, 24, 45], which may be explained by the difference in physical properties of
MAG.”(Wang, Wang, Wang 2016).
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“Animal studies on effect of interesterification on fasting lipemia are inconsistent. Some studies
suggested that fatty acid positional distribution has no effect on the blood plasma lipid profile
[54, 55]. However, studies on newborn piglets and infants showed that palmitic acid in the sn-2
position of TAG changed the lipoprotein metabolism [56, 57]. These findings may have resulted
from the fact that TAG with saturated fatty acids in the sn-2 position being absorbed more
efficiently but cleared from the circulation more slowly. This would result in a more
pronounced and prolonged postprandial lipemic response than TAG with saturated fatty acids
in the sn-1,3 positions. Kritchevsky et al. [58] found that in rabbits, 1,2-palmitoyl-3oleoylglycerol (PPO) was more atherogenic than 1,3-palmitoyl-2-oleoylglycerol (POP) and
similar results were observed in another study in rabbits [25]. However, TAG with more stearic
acid in the sn-2 position were less atherogenic [58].” (Wang, Wang, Wang 2016).
“The effect of palm oil and enzymatically modified palm oil on serum lipid and lipoprotein
concentrations in 60 healthy normal lipidemic human adults was compared [59]. The serum
total cholesterol, high density lipoprotein (HDL) cholesterol, LDL cholesterol and TAG
concentrations of the participants were not changed. Shea butter (stearic acid predominantly in
the sn-1,3 position) and randomized shea butter were used to study fasting and postprandial
lipemia [33] and in a fasting state. Total, LDL and HDL cholesterols, plasma TAG, glucose, and
insulin concentrations did not significantly differ between the two fats, suggesting that
randomization had no impact on fasting lipoprotein levels in adult humans. Similar results were
obtained in other human studies by using native and randomized butter, native and
randomized palm olein, or native and interesterified fat blends as a pair [60–64]. It should be
noted that the amounts of lipids consumed in the animal and human studies may have differed,
complicating the effect of lipid randomization that may be species and ingestion quantity
dependent.” (Wang, Wang, Wang 2016).
“Human studies on postprandial effects of TAG structure changed by fat interesterification are
less consistent compared to the studies of fasting lipemia (Table 4). Zampelas et al. [26]
observed the postprandial response in 16 men over a 6 h period after consumption of test
meals containing TAG with palmitic acid predominantly in the sn-1,3 or in the sn-2 (6 % of
palmitic acid in the sn-2 position for native palm oil vs 73 % of palmitic acid in the sn-2 position
for the structured fat). It showed that TAG in total plasma, chylomicron-rich and chylomicronpoor fractions were similar after both meals. Similarly, no significant differences in postprandial
behavior were observed using synthetic and randomized fats [33, 66].
Nonetheless, Yli-Jokipii et al. [23] found that the TAG with palmitic acid predominantly in the
sn-1,3 positions caused a larger incremental area under the curve of total plasma TAG
concentrations 6 h postprandially compared to the randomized palm oil that had more palmitic
acid in the sn-2 position. In another study on humans, Yli-Jokipii et al. [67] also observed that
the incremental area under the response curve of plasma TAG 6 h after ingestion tended to be
larger with randomized lard treatment than with a native lard diet though no significant
differences were seen. This conclusion was partially proved by Berry et al. [69] who found that
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plasma TAG level tended to be lower after a meal containing randomized palm oil relative to
that of native palm oil. Recently, Sanders et al. [28] compared the effects of palm olein and
randomized palm olein on postprandial lipemia. Palm olein, randomized palm olein and lard
have 9.2, 39.1 and 70.5 % palmitic acid in the sn-2 position, respectively. They showed that
healthy subjects had a less postprandial lipemia level after the meal with a higher proportion of
palmitic acid in the sn-2 position. The authors concluded that fats with a higher proportion of
palmitic acid in the sn-2 position decreased postprandial lipemia in healthy subjects.This is an
intriguing effect.
When stearic acid positional distribution of dietary fats was investigated, it was observed that
moving stearic acid from the sn-1,3 to the sn-2 position also significantly reduced the
postprandial TAG concentration [34, 70]. Robinson et al. [32] reported that although
postprandial TAG concentration in non-obese subjects were not affected by interesterification,
obese subjects had a 85 % increase in plasma TAG after given randomized fat (0.7 % stearic acid
in the sn-2 position) versus native blends (30 % stearic acid in the sn-2 position). These studies
clearly show the benefit of saturated fatty acids in the sn-2 position of TAG in postprandial
lipemia. This is an area deserving further investigation, particularly for concentration (of
saturated fatty acids in the sn-2 position)-response relationships.” (Wang, Wang, Wang 2016).
“It is well established that dietary fats high in long-chain SFA, lauric (12:0), myristic (14:0), and
palmitic acid (16:0) increase plasma total cholesterol and LDL cholesterol concentration,
whereas stearic acid (18:0) does not increase total plasma and LDL cholesterol (1–3). Palm oil
has a high content of the SFA palmitic acid and a low content of unsaturated fatty acid. Studies
from the 1960s suggested that palmitic acid is the primary contributor to increased serum
cholesterol concentrations in humans (4), which is in agreement with a more recent metaanalysis (5) that included selected intervention studies on palmitic acid, primarily from palm oil.
However, despite its high content of palmitic acid, palm olein (a fraction of palm oil with a
relatively high content of oleic acid) was demonstrated to have a neutral effect on plasma
cholesterol concentration when compared with olive oil (6), confirmed later in an Australian
study (7). Thus, it was of interest to reproduce the earlier findings that palm olein did not raise
plasma cholesterol compared with olive oil. A Chinese study from the 1990s reported that palm
oil lowered plasma cholesterol compared with lard (8). As both palm olein and lard contain a
high and rather equal amount of SFA, it has been hypothesized that the lesser cholesterolraising effect of palm oil was due to a different positioning of palmitic acid in the 2 fats. Thus, in
palm olein, palmitic acid is placed in the sn-1 and sn-3 positions of the glycerol backbone,
whereas it is positioned in the sn-2 position in lard (9). Fatty acids in the sn-2 position are
mainly absorbed through the intestinal wall, whereas fatty acids in the sn-1 and sn-3 positions
are released in the intestinal tract (by lipase) and partly excreted in the feces through formation
of calcium soaps (8). Fatty acids in the sn-2 position are preferentially transported to the liver
instead of the extrahepatic tissues (10) and thereby affect LDL metabolism (11). Animal studies
have shown an effect of the sn-positioning (9, 12), which was also the case in infants (13);
however, this effect has not yet been confirmed in human studies (14).” (Tholstrup, Hjerpsted,
& Raff 2011).
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“Despite the high content of palmitic acid, palm olein has been shown to have a neutral effect
on plasma cholesterol concentrations when compared with olive oil, which is suggested to be
attributable to palmitic acid in the sn-1 and sn-3 position. In contrast, palmitic acid is in the sn-2
position in lard… The current study did not support the previous finding that the effect of palm
olein on total plasma cholesterol and LDL cholesterol in healthy individuals with normal plasma
cholesterol concentrations is neutral compared with that of olive oil…Although our study was
not designed to compare the effects of palmitic acid in sn positions, our results do not support
the hypothesis that palmitic acid in the sn-1 and sn-3 positions is less cholesterolemic than
palmitic acid in the sn-2 position and neither do the results of the British study that investigated
the cholesterol fractional synthesis rate by 2H incorporation (16). Although animal studies (17,
18) and studies in newborns (13) have shown effects of the sn-configuration of fatty acids, this
effect could not be confirmed in human studies (14). Zock et al (10) concluded that a large
difference in fatty acid configurations (eg, sn position) had little effect on blood lipid and
lipoprotein concentrations, which is supported by others (19, 20).” (Tholstrup, Hjerpsted, & Raff
2011).
“Palm olein resulted in a lower plasma triacylglycerol concentration than did olive oil. It is well
established that dietary fats high in SFAs result in higher HDL-cholesterol concentrations than
do unsaturated fats (22) and that an inverse relation between plasma triacylglycerol and HDL
cholesterol exists because of increased cholesteryl ester transfer protein activity (23).”
(Tholstrup, Hjerpsted, & Raff 2011).
“…inter-esterification also has potential unfavourable effects on health due to the introduction
of fatty acid chains, such palmitic and stearic acids, in position sn-2 of the glycerol molecule.
The native fats and oils show stereospecificity, with SFAs usually esterified to the sn-1/3 and
unsaturated acids to the sn-2 positions of the glycerol molecule. In palm oil, for example,
palmitic acid, which is an SFA, mostly occurs in the sn-1 position, less frequently in sn-3 and
rarely in sn-2. Palmitic acid in human milk is an exception to this rule because it is largely
esterified to the sn-2 position (Innis et al. 1997). The biological function of this stereospecificity
of palmitic acid in human milk seems to improve absorption. Fats and mineral balance were
investigated in three groups of healthy infants randomly assigned to receive formulas with
different amounts of palmitic acid esterified to the sn-2 position (Carnielli et al. 1996). Healthy
infants fed with a formula with palmitic acid mainly in the sn-2 position had greater fat and
calcium intestinal absorption.
Thus, the positioning of unsaturated or SFAs in the sn-2 position seems to be decisive in early
metabolic processing, affecting fasting lipids and post-prandial lipaemia. The enzymatic
hydrolysis of dietary triglycerides by pancreatic and lipoprotein lipases preferentially targets
fatty acids in the sn-1/3 position rather than those esterified to the sn-2, which are substantially
preserved in chylomicrons (Karupaiah and Sundram 2007). The higher degree of absorption of
palmitic acid at the sn-2 position could be related to the increased atherogenicity of the
interesterified palm oil, in comparison with the native one, as shown in animal models
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(Kritchevsky 2000). However, two randomized cross-over trials in healthy men did not confirm
adverse affects due to interesterified palm oil (Berry et al. 2007).” (Fattore & Fanelli 2013).
“The positional distribution of fatty acids in TAGs varies greatly among fats and oils of different
origin…According to in vitro and animal studies, compared with saturated fatty acids in the sn-1
and sn-3 positions, saturated fatty acids in the sn-2 position may be absorbed in larger
quantities and delay the clearance of lipoprotein remnants. Feeding saturated fatty acids in the
sn-2 position may thus result in pronounced postprandial lipemia. High postprandial plasma
TAG concentration and delayed TAG clearance are associated with the risk of atherosclerosis
(Uiterwaal et al., 1994; Weintraub and Grosskopf, 1996; Zilversmit, 1979).” (Linderborg & Kallio
2005).
“In animals, diets differing in the positional distribution of saturated fatty acids have resulted in
different prevalences of atherosclerosis, while plasma TAG or cholesterol concentrations have
generally not been affected…In rabbits, fat with palmitic acid in the sn-2 position has been
found to be more atherogenic than fat with palmitic acid in the sn-1 and sn-3 positions
(Kritchevsky, Tepper, chen, et al., 2000a; Kritchevsky, Tepper, and Kuksis, 1999; Kritchevsky,
Tepper, Kuksis, et al., 1998; Kritchevsky, Tepper, Kuksis, et al., 2000; Kritchevsky, Tepper,
wright, et al., 1998). Rabbits fed lard had significantly more atherosclerosis than rabbits fed
tallow. The atherogenicity of diets containing transesterified lard or tallow was virtually the
same, and less than that of the diet containing lard (Kritchevsky, Tepper, Kuksis, et al., 1998).”
(Linderborg & Kallio 2005).
“When 60 adults took part in a crossover study in which Betapol and a fat with a similar fatty
acid composition containing palmitic acid in the sn-1 and sn-3 positions were used as part of
the diet for three weeks, Betapol caused a higher LDL cholesterol concentration in men, but no
differences were found in the HDL/LDL ratio, in the LDL concentration in women, or in the
whole group (Zock et al., 1995). However, more palmitic acid and less oleic acid was found in
the sn-2 position of plasma TAGs.Cholesteryl esters contained more palmitic and palmitoleic
acids and less oleic and linoleic acids after the Betapol period, an effect also seen in young
animals and human infants (Carnielli et al., 1995a; Innis and Dyer 1997; Innis, Dyer, and Nelson,
1994; Innis, Quinlan, and Diersen-Schade, 1993). Similar changes were seen in the lipids of
platelets. The authors suggested that chylomicron TAGs are transferred to VLDL, HDL, or LDL
during the postprandial period (Zock et al., 1996).” (Linderborg & Kallio 2005).
“The position of fatty acids in the TAG molecule (sn-1, sn-2 and sn-3) determines the physical
properties of the fat, which affects its absorption, metabolism and distribution into tissues,
which may have implications for the risk of CHD. The TAG structure of fats can be manipulated
by the process of interesterification, which is of increasing commercial importance, as it can be
used to change the physical characteristics of a fat without the generation of trans-fatty acids.
Interesterified fats rich in long-chain SFA are commercially important, but few studies have
investigated their health effects. Evidence from animal and human infant studies suggests that
TAG structure and interesterification affect digestibility, atherogenicity and fasting lipid levels,
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with fats containing palmitic and stearic acid in the sn-2 position being better digested and
considered to be more atherogenic. However, chronic studies in human adults suggest that TAG
structure has no effect on digestibility or fasting lipids. The postprandial effects of fats with
differing TAG structure are better characterised but the evidence is inconclusive; it is probable
that differences in the physical characteristics of fats resulting from interesterification and
changes in TAG structure are key determinants of the level of postprandial lipaemia, rather
than the position of fatty acids in the TAG.” (Berry 2009).
“The effects of TAG structure on the metabolism of long-chain SFA-rich fats may have
subsequent effects on atherogenicity and fasting plasma lipids. This was first brought to light by
McGandy et al. (56) who reported that stearic acid was hypercholesterolaemic when fed as an
interesterified fat in contrast to findings by Hegsted et al. (7) who reported that stearic acid had
a neutral effect on cholesterol concentrations when provided as native cocoa butter (stearic
acid in the sn-1 and sn-3 positions). It was hypothesised that these differences were due to
differences in the TAG structure of the fats fed, and that stearic acid in the sn-2 position was
hypercholesterolaemic but when in the sn-1 or sn-3 positions had a neutral effect on
cholesterol. This may also be the case for palmitic acid; native palm oil (about 44% palmitic
acid, mostly in the sn-1 and sn-3 positions) does not raise cholesterol concentrations to the
degree predicted by the equations of Mensink(6) based on its SFA content (about 52%)(6). A
plausible mechanism to support this hypothesis is that fatty acids in the sn-2 position may be
preferentially transported to the liver, which is the major site of action of fatty acids on LDL
metabolism. Therefore changing the structure of fats, such that SFA are in the sn-2 position,
may increase the delivery of SFA to the liver, which would up-regulate cholesterol
production.Furthermore, sn-2 MAG delivered to the liver from remnant chylomicrons may
serve as the backbone for gut or liver phospholipids(57) exerting downstream effects which
may affect plasma lipid levels.”(Berry 2009).
“Although only a small number of studies in human adults have directly investigated the effects
of TAG structure on plasma lipids, some conclusions can be drawn from studies that have
compared interesterified fats or fats with SFA in distinct positions (sn-1 and sn-3 or sn-2) with
habitual diets. Human studies investigating the effects of native cocoa butter(69,70), native
shea butter(49,71) and beef tallow(47), all of which have their stearic and/or palmitic acid
predominantly in the sn-1 and sn-3 positions, have demonstrated a hypocholesterolaemic
effect of these fats compared with habitual diets.” (Berry 2009).
“Five studies have been identified that have made head-to-head comparisons of fats of similar
fatty acid composition that differ only with regard to their positional composition. These are
summarised in Table 4. Zock et al. (53) compared diets (3 weeks) rich in palmitic acid (providing
28 % energy from the test fat and 11 % energy from palmitic acid) in the sn-2 position
(Betapole; 66·9 % palmitic acid in the sn-2 position) with a diet rich in palmitic acid in the sn-1
and sn-3 positions (native palm oil fraction; 6·4 % palmitic acid in the sn-2 position) in sixtythree free-living, healthy subjects. Diets consisted of similar fatty acid composition and differed
only in respect to the amount of palmitic acid esterified to the sn-2 position. Following the diets
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there were no significant differences in plasma lipids (total, LDL- and HDL-cholesterol and TAG).
However, when the male subjects were analysed separately, a small but significant increase in
total cholesterol (mean increase 0·10 (95 % CI 0·02, 0·18) mmol/l) and LDL-cholesterol (mean
increase 0·08 (95 % CI 0·00, 0·15) mmol/l) was observed following the Betapole diet compared
with the native palm oil diet. Although small changes in LDL- and total cholesterol can have
large effects on overall CHD risk, the changes reported in this study are unlikely to have any
significant health implications due to the very large changes in fat intakes that were made in
order to produce this effect…Christophe et al.(77) also investigated the effects of feeding
realistic levels of native and interesterified fats in healthy human subjects by comparing butter
as the control (palmitic acid predominantly in the sn-2 position) with interesterified butter
(increase in stearic and oleic acids in the sn-2 position and decrease in palmitic, lauric and
myrisitic acids in the sn-2 position). Thirty-two male subjects were fed the control butter (about
22 g out of about 130g total fat per d) in a free-living setting (replacing cooking and spreading
fat) for a 4-week period. Following this control period, volunteers were allocated to 4 further
weeks on the control butter or interesterified butter, in a parallel design. Following 8 weeks on
the control butter, HDL-cholesterol decreased by 7 %, whereas subjects consuming the
interesterified butter for 4 weeks had lower TAG (about 14 %) and HDL-cholesterol (7 %)
concentrations compared with baseline values. However, there were no significant differences
between groups.
Utilising stearic acid-rich fats, we recently reported no effect of TAG structure on plasma lipids
when fed at nutritionally relevant levels. Following 3-week diets rich in stearic acid (30 g test
fat/d; 6 % energy from stearic acid) administered as native or randomly chemically
interesterified shea butter (3 and 23 % stearic acid in the sn-2 position respectively) there were
no differences between diets on fasting plasma lipids, glucose or insulin in healthy male
subjects (n 16)(22).
In summary, the evidence supports a lack of effect of TAG structure and interesterification of
palmitic and stearic acid-rich fats on fasting plasma lipids in adult humans. However, the studies
are of short duration (maximum 4 weeks) and have small subject numbers. Therefore, with the
increasing utilisation of interesterified fats by the food industry, long-term chronic studies with
large subject numbers are required using nutritionally relevant fats at realistic doses.” (Berry
2009).
“Furthermore, lard, which contains virtually all its palmitic acid in the sn-2 position, was found
to be more atherogenic in rabbits than beef tallow which only has a small proportion of palmitic
acid the sn-2 position(60), and randomisation of lard rendered it less atherogenic(61)…It is
plausible that the fats containing palmitic acid in the sn-2 position, which may be removed from
the circulation more slowly, would result in increased exposure of the endothelium to SFA
and/or chylomicron remnants…These findings support the theory that palmitic acid esterified
to the sn-2 position is more atherogenic than when esterified to the sn-1 and sn-3 positions.
However, there are no studies to date in adult human subjects looking at end-point measures
of CVD following TAG of different structure…” (Berry 2009).
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“The nutritional-related effects of interesterified fats have largely been overlooked as a
potential health issue. However, the food industry now relies heavily on interesterified fats to
produce fats with required physical properties. Their incorporation into food products is likely
to increase with time, due to the removal of partially hydrogenated fatty acids and the relative
expense and sustainability of naturally occurring fats with desirable functionality (such as cocoa
butter). The health effects of interesterified fat blends should therefore be considered as an
important nutritional issue to address. Although animal and infant studies provide good
evidence to suggest that interesterified plants fats, with a greater proportion of long- chain SFA
in the sn-2 position, are better absorbed, this is not supported by human adults studies. The
chronic effects of interesterified fats and fats with different TAG structure on digestibility and
fasting lipids in adult humans are not well studied. Furthermore, interpretation of results is
complicated by differences in the amount of fat fed, duration of feeding period, subject
population and choice of metabolic study or free-living study. To date, the evidence would
suggest that TAG structure has no effect in human adults on either digestibility or fasting lipids
and that interesterified fats do not elicit a different metabolic response when compared with
their native counterparts. Additional research is required to clarify the long-term health effects
of interesterified fats used commercially…In summary, there is little evidence to support a
deleterious effect of interesterified fats or fats rich in sn-2 SFA on chronic or acute health
outcomes.” (Berry 2009).
“The positional composition of some common vegetable and animal fats are shown in Table 1.
In fats of animal origin there is a high proportion of SFA in the sn-2 position, whereas in
vegetable fats SFA are found predominantly in the external sn-1 and sn-3 positions.
The importance of these differences in TAG structure becomes apparent when the specificity of
mammalian lipases is considered. Both pancreatic lipase (Yang & Kuksis, 1991) and lipoprotein
lipase (Nilsson-Ehle et al. 1973) preferentially hydrolyse the fatty acids in the sn-1 and sn-3
positions of the TAG, leaving the fatty acid in the sn-2 position as a 2-monoacylglycerol (Fig. 2).
The positional specificity of pancreatic lipase may be advantageous in infants because of the
improved absorption of SFA as a 2-monoacylglycerol rather than as NEFA. Long- chain SFA
present in the intestine as NEFA (hydrolysed from the sn-1 and sn-2 positions of TAG) have high
individual melting points above body temperature (18:0, 69xC; 16:0, 64xC), which are less
soluble in the liquid phase, and tend to form hydrated acid–Ca soaps that are insoluble in
aqueous media at the pH of the intestine. Indeed, feeding SFA esterified to the sn-2 position
results in a reduction in Ca excretion (Carnielli et al. 1995). It has, therefore, been commonly
held that long-chain SFA are better absorbed if situated in the sn-2 position than if located in
the sn-1 and sn-3 positions (Mattson et al. 1979; Tomarelli et al. 1968).
It is well documented in animals and infants that 16:0 and 18:0 in the sn-2 position of the TAG
are absorbed more efficiently than when they are in the sn-1 and sn-3 positions, and this factor
accounts in part for the lower digestibility of the fat from cow’s milk compared with that of
human milk (Tomarelli et al. 1968). The food industry has utilised this characteristic to
manipulate the absorption of long-chain SFA. SALATRIMTM has been developed as a cocoabutter substitute with a lower energy value that consists of randomised TAG consisting of 18 :
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0, propionic acid (3 : 0) and acetic acid (2 : 0), supplying 24 kJ (5 kcal)/g as opposed to 37.8 kJ (9
kcal)/g. BetapolTM has been developed to enhance the absorption of fat in infants and involves
enzyme-directed esterification of mainly 16 : 0 into the sn-2 position.
The fatty acid in the sn-2 position is retained on absorption and subsequent metabolism (Yang
& Kuksis, 1991; Innis et al. 1994). Fatty acids attached to the sn-2 position may be preferentially
transported to the liver instead of extrahepatic organs because of the positional specificity of
lipoprotein lipase for the sn-1 and sn-3 positions of TAG. The residual TAG remaining in the
chylomicron remnant after lipoprotein lipase action are an important source of hepatic fatty
acids and are estimated to account for 73% of the newly-synthesised VLDL-TAG in mice (Jung et
al. 1999).
Mortimer et al. (1994) have reported that the plasma clearance of TAG-rich lipoproteins
depends on the positional composition of the TAG rather than the overall saturation of the
TAG. Both 16 : 0 and 18 : 0 in the sn-2 position of dietary TAG slow down the clearance of
chylomicrons (Mortimer et al. 1988, 1992; Redgrave et al. 1988). The rates of hydrolysis by
lipoprotein lipase have also been shown to be affected by the positional distribution of SFA in
some (Redgrave et al. 1988; Emken, 1992), but not all (Mortimer et al. 1988; Pufal et al. 1995;
Hodge et al. 1999; Yli-Jokipii et al. 2002), studies.
This evidence would suggest that dietary fats containing TAG with a predominance of SFA in the
sn-2 position might be absorbed more rapidly and cleared from the circulation more slowly
than TAG containing SFA at the sn-1 and sn-3 positions, resulting in elevated chylomicron
remnant concentrations and a more pronounced and prolonged postprandial lipaemia.
Although the role of TAG molecular structure in influencing SFA absorption is supported by data
from studies in animals and human infants, there are questions in the human adult relating to
the relevance of positional distribution on absorption, digestion and postprandial lipaemia.
Recent studies suggest that the human adult can absorb most dietary fatty acids efficiently,
whether in the form of NEFA or 2-monoacylglycerol.
Betapol, a synthetic TAG with 74% 16:0 in the sn-2 position that can be prepared by enzymedirected interesterification, has been compared with palm oil (approxi- mately 7% 16 : 0 in sn-2)
and has been found to produce a similar level of postprandial lipaemia (Zampelas et al. 1994b).
Summers et al. (1999) have also found no difference in postprandial lipaemia in subjects
receiving the structured TAG 1-stearoyl 2,3-dioleoylglycerol and 1,3-dioleoyl 2-stearoylglycerol,
also prepared by enzyme-directed inter-esterification. In contrast, studies using random interesterification (randomisation) to prepare test fats have reported differences in postprandial
lipaemia, and the presence of 18:0 or 16:0 in the sn-2 position of TAG (randomised fat)
produces a lower postprandial lipaemia than when present in the sn-1 or sn-3 position
(unrandomised fat; Sanders et al. 2000, 2001; Yli-Jokipii et al. 2001).” (Berry & Sanders 2005).
“18:0 is the second most abundant SFA in the Western diet; in the UK approximately 8.54 g is
consumed daily, accounting for 24% of the SFA intake. The early studies of Hegsted et al. (1965)
and Keys et al. (1965) noted that 18:0 has a neutral effect on serum cholesterol concentrations.
Since these early studies numerous feeding studies have examined the effects of cocoa butter
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(Connor et al. 1969; Kris-Etherton et al. 1993) and synthetic fats with a high 18 : 0 content
(Bonanome & Grundy, 1988), and have shown that 18:0 elicits a hypocholesterolaemic effect
compared with other SFA. The reduction in cholesterol concentrations on a high-18:0 diet may
be a result of its direct effects on cholesterol absorption and excretion (Schneider et al. 2000),
the rapid conversion of 18 : 0 to 18 : 1n-9 (Bonanome & Grundy, 1988; Emken et al. 1993) or a
result of its reduced bioavailability. These metabolic effects of 18 : 0 may also influence the
postprandial response following an 18 : 0-rich meal.” (Berry & Sanders 2005).
“Palm oil, with C16:0 in the sn-1/3 positions, and Betapol™, an interesterified fat with C16:0 at
the sn-2 position were fed to newborn piglets [97]. The sn-2 16:0 resulted in higher TC and HDLC concentrations compared to C18:1 in the sn-2 position, by the 18th day. This rise is similar to
feeding sow's milk, which has 55% of C16:0 in the sn-2 position [91].
Newborn piglets developed higher plasma TC and TAG when fed sow's milk (55% sn-2 C16:0)
compared to either palm olein (4.2% sn-2 C16:0), or synthesized fat (32% sn-2 C16:0), with or
without added cholesterol [90]. TC and TAG concentrations were similar in the piglets fed either
palm olein or synthesized fat. Obviously, the amount of C16:0 in the sn-2 position was critical to
affecting TC and TAG levels. Similarly, sn-2 C16:0 in lard elicited higher plasma TAG values than
the sn-1/3 16:0 in palm oil, fed to rats [92].
A peculiarity reported in rabbit studies, is that interesterified fats are associated with the
development of artherogenesis, even without abnormalities in lipid and lipoprotein
metabolism. When native cottonseed oil (2% sn-2 C16:0) was compared to the randomized
version (8 to14%, sn-2 C16:0), atherogenicity increased in rabbits fed randomized cottonseed
oil, without change in TC and TAG concentrations [98, 99]. Kritchevsky et al. [100] hypothesize
that enhanced absorption, combined with prolonged postprandial effects of sn-2 C16:0 brings
about increased exposure of the aorta to C16:0 and subsequent increased fat deposition.
However, these effects could not be reproduced in the hamster model [16].
In human infants, plasma TAG values were similarly increased when fed a formula containing
randomized palm oil, with more C16:0 in the sn-2 position [101]. In contrast, when
normocholesterolemic adults were fed margarine prepared from palm oil (18% sn-2 C16:0 and
82% sn-1/3 C16:0) or palm oil interesterified with sunflower oil (65% sn-2 C16:0 and 35% sn-1/3
C16:0), only men experienced significant increases in TC and LDL-C concentrations, but not
women [23]. Another human study, also noted positional differences in C16:0 made no
significant difference to blood lipid and lipoprotein levels [102]. Given these conflicting results,
it appears that human infants and piglets experience raised lipid and lipoprotein levels in
response to sn-2 C16:0, but in adult humans this effect is not conclusive.” (Karupaiah &
Sundram 2007).
“Native lard (>C18:2 and <C18:0) and native tallow (<C18:2 and >C18:0) have similar amounts of
C16:0 (24%), albeit in different positional distributions (90% of sn-2 C16:0 for lard compared to
15% for tallow) [105]. Randomization achieves an equitable positional distribution of the
various fatty acids. When such fats were fed to rabbits, TC was not significantly different
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between treatments, but the animals developed various degrees of atherogenicity according to
the type of fat fed [105]. The atherogenic potential of the randomized fats were in the following
order: native lard > randomized lard = randomized tallow > native tallow. In measured terms,
the amount of sn-2 C16:0 as a percentage of total fat in the four test fats were 21.6%, 8.5%,
7.6% and 3.6% respectively. An inference can be drawn that C18:0, even in the sn-2 position,
was not as atherogenic as C16:0 which increased atherogenesis in a dose-dependent manner.”
(Karupaiah & Sundry 2007).
“Stereospecificity of most native oils and fats favor PUFA or MUFA in the sn-2 position, whilst
SFAs are mainly distributed at the sn-1/3 positions. Interesterification has the capacity to invert
this distribution by placing saturated fatty acids in the sn-2 position. Stereospecific structure
and the sn-2 fatty acid position of the ingested TAG, are substantially preserved in
chylomicrons… Displacing PUFA or MUFA from the critical sn-2 position, by substitution with
SFA, is hypothesized to cause lipid and lipoprotein abnormalities. Studies comparing the chain
length of SFAs are limited, but indicate that saturates are most detrimental in the sn-2 position.
For example, the amount of C16:0 in the sn-2 position influences TC and TAG levels in piglets
and human infants. However, this effect has not been clearly demonstrated in human studies.
In the rabbit model sn-2 16:0 appears to contribute to the development of atherogenicity in a
dose-dependent manner, but other animal models do not show this effect. Overall, it is still too
early to conclude on the behavior of unusual positional distribution of fatty acids in TAG species
originating from dietary fats and oils. More studies that reflect postprandial events will
elucidate the type of TAG molecular species in TAG-rich lipoproteins, that are either directly
atherogenic, or influence the development of small and dense LDL particles.” (Karupaiah &
Sundry 2007).

SN-1, SN-2, SN-3
Sn-1, Sn-2, and Sn-3 refer to the specific location in which a particular fatty acid is attached to
the glycerol molecule.

Figure 2. Orientation of SN-1, SN-2, SN-3 (Taylor et al., 2009)
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The picture above illustrates the orientation of the fatty acids on a triglyceride at the sn-1, sn-2,
sn-3 positions. In the quote you sent that is above, it mentions that a triglyceride that contains
saturated fatty acids at the sn-2 position come from a different source than a triglyceride that
has saturated fatty acids linked at the sn-1 and sn-3 positions. As mentioned in that same
blurb, the fatty acid located at the sn-2 position is typically absorbed to a greater degree than
those fatty acids located at the sn-1 and sn-3 positions. Studies in animals and adult humans
have also provided abundant evidence that the fatty acids present at the sn-2 position in
dietary triglycerides are retained postabsorption. A key point is that, as for the diet, it is
possible to have the same average fatty acid composition in plasma triglycerides, yet have very
different triglyceride structures, ultimately leading to differing degrees of absorption. (Innis,
Sheila M. p.275-283 & FAO).
SN-2
The composition of sn-2 of both triglycerides and phospholipids is of great importance
because...
• The hydrolysis of a triglyceride is regiospecific and results in the release of the fatty acids
from the sn-1 and sn-3 positions of the triacylglycerols and the formation of 2-monoacyl-snglycerols that contains the fatty acid located at the sn-2 position in its original form. 2monoacyl-sn-glycerols are then utilized in the re-synthesis of triglycerides and glycerol
phospholipids that takes place after fat absorption, thus the fatty acid at the sn-2 position is
commonly retained in original form. (FAO 28).
• 2-Monoacylglycerols are a major end product of the intestinal digestion of dietary fats in
animals via the enzyme pancreatic lipase. They are taken up directly by the intestinal cells and
converted to triacylglycerols via the monoacylglycerol pathway before being transported in
lymph to the liver.

RELATION TO DIET
The research is more speculative at this point, careful not to make any concrete conclusions
until more data is obtained. It is hard to make recommendations for diet based solely on the
findings of this research so far because the research is young, not fully complete, and does not
take many many other variables that are at play in a real life setting.
This research brings to light the fact that the structure of a triglyceride will affect its degree of
absorption. Thus, you may have the same fatty acid composition in a diet, but have different
physiological effects based on differing absorptions, due to the fatty acids being placed
differently on the glycerol molecule. In general, the fatty acid that is located in the sn-2
position will be absorbed better. In addition, due to the way in which lipases breakdown the
triglyceride, the fatty acid at the sn-2 position will be retained in its original form
postabsorptive, often being reincorporated into a triglyceride still in its original state.

112

The chart below displays the basic patterns of fatty acid distribution on a triglyceride of some
common fat sources. Keep in mind that the fatty acid in sn-2 position will be absorbed the best,
and its original form will be obtained throughout the process, ultimately being incorporated
into chylomicrons (lipoproteins or “fat transporters” that carry exogenous fat through the
blood to various tissues in the body). Fatty acids in the sn-1 & sn-3 positions of TGs are
hydrolyzed during digestion, in contrast to only 22% of fatty acids in the sn-2 position.
Approximately, 75% of the fatty acids in the sn-2 position are conserved.

Table 5. Basic patterns of fatty acid distribution of common fat sources

Fat Source

sn-1

sn-2

sn-3

Seed Oils

SFAs

PUFAs

SFAs

Saturated Vegetable
Oils (palm, coconut,
& cocoa)

SFA/MCFA

Vegetable Oils

SCFA/MCFA

Oleic, Linoleic

Cow Milk

LCSFAs (C14,16, 18)

LCSFAs (C14,16, 18)

Animal Triglycerides
(except pigs)

SFAs

USFAs

Pigs
Lard

C4:0 (butyric acid)
C6:0 (hexaenoic acid)

Palmitic
highly variable stearic
or oleic

Palmitic, exclusively

USFAs
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Bovine Milk Fat

SFAs

Tallow

SFAs (particularly
palmitic)

oleic

primarily palmitic, as
well as oleic and
stearic

Olive Oil

Oleic

Oleic (<2% SFAs)

Oleic

Marine Lipids

SFA/MUFA

PUFAs!!! (lots)

SFA/MUFA (some
PUFA as well)

Human Milk

Oleic & Linoleic

70% of TG’s have
Palmitic

Oleic & Linoleic

Butterfat

Palmitic

Palmitic

mix of either butyric,
capric, or oleic

(summarized results from FAO & Hunter, J. Edward)
Take note that the key fatty acids that are associated with certain fats are normally in the sn-2
position. So marine lipids have high PUFAs at sn-2, olive oil has high oleic at sn-2, milk fat and
lard have saturated fats at the sn-2 position, and interestingly, coconut oil and other saturated
vegetable oils have the majority of their saturated fatty acids at the sn-1 and sn-3 positions
where they are hydrolyzed by lipases, and can enter directly into the portal circulation to be
carried to liver for oxidation for immediate energy. (Karupaiah 4).
Oleic acid is prevalent in TG species of animal or plant origin, commonly at the sn-2 position as
observed in olive oil, beef tallow, cocoa butter, palm oil, peanut oil, and canola oil, but exclusive
to the sn-1 and sn-3 positions only in lard. (Karupaiah 3).
The positioning of USFAs versus SFAs in the sn-2 position of TGs indicate differences in early
metabolic processing and postprandial clearance, which may explain modulatory effects on
atherogenicity and thrombogenicity. (Karupaiah 1).
Understanding of this will become more pertinent as the food industry uses more
randomization and interesterification to build synthetic fats that have the desired melting
characteristics and crystallization properties, without knowledge or regard for the possible
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implications in human health. The food industry is expected to use more of these types of
processes now that they can no longer use trans fatty acids to accomplish the same sort of
results. Thus, understanding how the stereospecificity of a fatty acid affects lipid parameters
and general health will continue to become more important.
Connection to Diet:
• At this point, there is not enough evidence to confidently recommend avoiding fats with
SFA’s at the sn-2 position, but based upon evidence acquired thus far, this may be factored into
dietary recommendations for decreasing the risk of CVD etc. in the future.
• Sources of omega-3’s may be recommended based upon fatty acids at the sn-2 position,
favoring sources that have the majority of the omega-3 PUFA’s at the sn-2 position, where they
may be absorbed the best and the most quickly.
With knowledge of where a fatty acid is located on a triglyceride, one can predict theoretically
its absorbability, and the subsequent degree of its physiological impact. Thus, dietary
recommendations may be made based upon what fatty acids are present at sn-2 positions, in
particular. For instance, for patients with malabsorption, parenteral, enteral, or for infants,
palmitic acid may enhance fat absorption, providing a saturated fatty acid that is an energy-rich
substrate.
For a saturated fatty acid to be at the sn-2 position is unique, making human milk very unique in
terms of the location of saturated fatty acids at the sn-2 position. This positioning appears to
be favorable for meeting high energy demands, but unfavorable when an individual is in a state
of overnutrition, in which case it may, theoretically lead to atherogenesis. NOTE: I include
“theoretically” here because this has only been theorized at this point and still requires further
research.
Most native oil and fats favor PUFA or MUFA in the sn-2 position, while SFAs are mainly
distributed at the sn-1 and sn-3 positions. Interesterification (done via industrial food
processing/food science) may place a saturated fatty acid at the sn-2 position, or as stated,
unique fat sources such as human milk may have such structure.
Zock et al. hypothesize fatty acids in the sn-2 position are preferentially transported to the liver
instead of the extrahepatic tissues. In the liver, SFAs in the sn-2 position could preferentially
affect LDL metabolism compared to the same SFA at the sn-1/3 positions.
Displacing PUFAs or MUFAs from their natural sn-2 position by synthetic substitution with SFAs
is hypothesized by the scientific community to cause lipid and lipoprotein abnormalities.
Studies comparing the chain length of SFAs are limited in humans, but indicate that saturates
are most detrimental in the sn-2 position (except for a subset of population that has increased
energy needs...ie. infants). At this point, it is known that the amount of palmitic acid in the sn-2
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position influences total cholesterol and triglyceride levels in piglets and human infants.
(Karupaiah 10-13).
Stearic and palmitic acid are two of the main fatty acids that have been researched for their
physiological effect in different locations on the TG. Palmitic acid at the sn-2 position increased
its absorption, as would be expected, and lead to atherogenesis in rabbits, but not in other
species, such as hamsters. Research has not yet been done on humans--hard to measure and
who wants to sign up for such a study.
For a desired benefit from a particular fatty acid such as omega-3’s, it may be of benefit to take
a marine oil that has the majority of PUFAs at the sn-2 position. For instance, salmon oil has n3 PUFAs at the sn-2 position, allowing them to be absorbed more quickly than seal oil that has
n-3 PUFAs mainly at the sn-3 position.
OVERALL, it is still too early to conclude on the physiological effects on humans of TG species
that have fatty acids that reside in unusual configurations. (Karupaiah 14). Most of the research
thus far has been performed on animals, and more of it will have to be done on humans before
such conclusions can be reached to be able to base diet recommendations upon.

DIGESTION & ABSORPTION
While fats offer a huge energetic advantage over proteins and carbohydrates, fats require a
more complex system of digestion, absorption and transport throughout the body due to their
general inability to easily dissolve in water, the main component of blood. Thus, unlike proteins
and carbohydrates which readily mix in with the body fluids, the majority of fats must be partly
disassembled and then reassembled and packaged into water soluble protein envelopes before
they can even be released into circulation.
Everyday our body processes an amount of fat roughly equivalent to almost one half cup. A
typical meal containing fat supplies lipid in the form of triglycerides, small amounts of free fatty
acids, cholesterol, phospholipids, and other sterols. As soon as fat is ingested, its digestion
begins, starting in the mouth where food containing lipids is chewed upon, breaking it into tiny
pieces that can then be coated in saliva rich in the fat degrading protein enzyme lingual lipase.
Lingual lipase, a digestive enzyme released into the saliva from the glands of the tongue, acts to
break off small amounts of fatty acids from the triglyceride backbone, preferentially cleaving off
fatty acids that are short in length and/or that are located on the ends of the triglyceride (as
opposed to the middle). Most short and medium-chain fatty acids are located on the ends of
triglycerides in natural oils and fats, and thus are readily plucked off by lingual lipase. Lingual
lipase’s affinity for short-chain fatty acids makes it an especially important fat degrading
enzyme for infants consuming large amounts of short-chain fatty acids from breast milk. Adult
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humans have much lower levels of lingual lipase than infants, but still obtain some benefit from
its fat degrading activity. Lingual lipase remains active, degrading lipids as they travel through
the esophagus and into the stomach.
Once the lipids reach the stomach, they are broken down further by another lipid degrading
protein enzyme known as gastric lipase. Like lingual lipase, gastric lipase preferentially breaks
off the fatty acids located on the ends of the triglyceride backbone, and is quicker to act on
short and medium-chain fatty acids than on long-chain fatty acids. Lipids in the stomach are
emulsified, which involves redistributing the lipids contained in fat globules into much smaller
lipid droplets that can remain suspended within the fluids of the stomach allowing them to be
more easily reached by the lipid degrading enzymes, lingual lipase and gastric lipase. Once
released from the triglyceride backbone, fatty acids short in length (4-6 carbons long) and the
slightly longer medium-chain fatty acids (8-10 carbons long) easily dissolve in the aqueous
environment of the stomach, allowing them to be directly absorbed into the lining of the
stomach. Short and medium-chain fatty acids may also travel on into the small intestine where
they may be easily absorbed by the intestinal lining. After these fatty acids are absorbed, they
are immediately released into the blood bound to the protein albumin that will transport the
fatty acids to the liver where they are mainly used for energy. A small, but variable amount of
long-chain fatty acids (>12 carbons long) can also be absorbed directly into the blood where
they will become bound to albumin and carried to the liver, but by far the large majority of
long-chain fatty acids must undergo further emulsification, degradation and processing in the
small intestine before they can enter into the blood. Fatty acids with more double bonds (i.e.
that are more unsaturated) are more likely to be directly absorbed into the blood and carried to
the liver. As fatty acids become longer and more saturated (with fewer or no double bonds), it
becomes more likely that the fatty acids will require extra processing before they can enter into
the blood. Since short and medium-chain fatty acids are much more rare in a typical diet than
long-chain fatty acids, the main constituents of dietary fat, most fatty acids in the diet take the
longer route of digestion and absorption.
By the time the lipid has reached the small intestine, approximately 10-30% of the fat has been
already been broken down. Once the fat enters into the small intestine, it is in the form of fine
lipid droplets which become further emulsified and dispersed into the intestinal fluids by bile
salts and then acted on by pancreatic juices. The more basic (less acidic) environment of the
small intestine decreases the activity of both lingual and gastric lipase, and the task of breaking
down fat is passed onto pancreatic lipase and its sidekick colipase both present in the juices
secreted by the pancreas into the intestine. Together, pancreatic lipase and colipase are a
powerful fat degrading duo that are responsible for most of the breakdown of fat that occurs
with digestion. Both lipases act primarily on the fatty acids located on the ends of the
triglycerides, leaving the triglyceride backbone with one fatty acid attached in the middle as the
final end product. Unlike lingual and gastric lipase, pancreatic lipase and colipase will readily
cleave off medium and long-chain fatty acids located in the end positions, with the exception of
the very long-chain polyunsaturated fatty acids from fish oils and other marine sources which
are highly resistant to pancreatic lipase.

117

Besides triglycerides, other types of lipids such as phospholipids and cholesterol esters are also
broken down, resulting in the release of cholesterol and their free fatty acid components. After
the lipids are degraded and their components are released, the various breakdown products
aggregate to form very small spherical balls with a water soluble surface of bile salts and
phospholipids that surrounds a mixture of water insoluble free fatty acids, fat soluble vitamins,
and triglycerides with only one fatty acid left attached to the middle position, formally referred
to as 2-monoglycerides. The little spherical balls that are formed are known as micelles. The
micelle’s water soluble exterior increases the solubility of the fat inside by 100 to 1,000 fold,
allowing it to move and maintain its spherical shape with the fat tucked away inside as it travels
through the watery milieu of intestinal fluids. Micelles eventually land in between the small
finger like projections that arise from the intestinal lining where the micelle’s water insoluble
fatty acid interior is exposed, released, and absorbed by the intestinal wall.
The absorption across the intestinal wall occurs by passive diffusion whereby the fatty acids, 2monoglycerides and other breakdown products freely flow across the intestinal lining and into
the cells without any input of energy. Even though energy is not required, this process is
facilitated by carrier proteins that bind to the fatty acids and other breakdown products and
carry them across the intestinal lining. With the help of these proteins, the rate and overall
efficiency of fatty acid absorption is increased. This appears to be the case for all fatty acids. As
of 2009, only one study investigated the transport of fatty acids across the intestine by a carrier
protein, and the results showed no differences in the affinity of the carrier protein for different
types of fatty acids. In other words, the carrier proteins appear to be just as likely to bind and
transport saturated fatty acids as unsaturated fatty acids.
Nevertheless, while carrier proteins in the small intestine don’t appear to discriminate between
different types of fatty acids--at least based upon the small amount of research available on the
topic--there still appears to be some variability in the efficiency of absorption of individual fatty
acids with saturated fatty acids exhibiting a slightly lower absorption efficiency than
monounsaturated and polyunsaturated fatty acids. In general, the efficiency of absorption of
various fatty acids has been found to decrease with the increasing length of the fatty acid and
increase with the number of double bonds present within a fatty acid. Since these two factors-length and number of double bonds--both affect the fatty acid’s ability to dissolve in the
intestinal fluid, it appears as though the efficiency of absorption of individual fatty acids is
closely linked to a fatty acid’s solubility. Indeed, the ease with which more soluble fatty acids
may move through the intestinal fluid would likely facilitate their incorporation into micelles as
well as their subsequent diffusion and absorption by the intestinal lining. The less soluble a
fatty acid is, the more likely it is to form insoluble soaps with calcium, which readily binds to
such fatty acids potentially preventing their absorption.
However, it is important to stress that these variations are more important in terms of the rate
of absorption rather than the overall absorption of the different types of fatty acids since less
than 5% of fat intake is excreted in the stool of a healthy adult. Such high levels of absorption
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have been observed over a wide range of varying fatty acid intakes, and have also been seen
with the consumption of a high fat diet. The most likely fatty acids to be found in the stool are
the long-chain saturated fatty acids that contain more than 12 carbons and have no double
bonds making them the most insoluble of the fatty acids and the most likely to form insoluble
soaps by binding to calcium.
Once the fatty acids have been absorbed into the cells lining the small intestine, they may be
used by the cell for energy, stored in the cell for later use, incorporated into lipids such as
cholesterol esters or phospholipids, or formed into triglycerides that will be packaged into
protein envelopes and shipped out into the blood where they may serve as a source of energy
or building material for other tissues. Fatty acids destined to be utilized in the formation of
triglycerides are transported to a part of the cell known as the endoplasmic reticulum which
specializes in reassembling the fatty acids back into their original triglyceride form. Triglyceride
backbones with one fatty acid attached to the central carbon, formally known as 2monoglycerides, serve as the main foundational framework upon which free fatty acids may be
added onto in order to form a complete triglyceride molecule. In this process of triglyceride
synthesis, the fatty acid that is already located in the central “2” position (hence the name 2monoglyceride) is largely retained--at least 85% of the time--in the same position, while the
open positions at the ends of the triglyceride (formally, the positions “1” and “3”) are more
randomly filled with the fatty acids formerly connected to the ends of other triglycerides in
addition to other fatty acids that were synthesized within the body.
This process of rebinding fatty acids to the triglyceride backbone is slightly slower for long-chain
saturated fatty acids (> 12 carbons long) than it is for unsaturated fatty acids with double
bonds. In spite of the randomness involved in the reassembly of fatty acids to the ends of the
triglycerides, the odds are that the fatty acids placed in the end positions are saturated since
most natural oils and fats contain saturated fatty acids on the ends of their triglycerides. As
explained, these fatty acids are released from the ends in the process of digestion and thus
form most of the pool of fatty acids available for the end positions on the newly synthesized
triglycerides. While most natural oils and fats contain saturated fatty acids on the ends,
polyunsaturated and monounsaturated fatty acids are usually in the middle “2” position. Again,
these fatty acids are retained in their same central position throughout digestion and almost
always in the reassembly of the triglycerides. Thus, the end result is the formation of
triglycerides with saturated fatty acids in the end positions and monounsaturated or
polyunsaturated fatty acids in the middle. This is reflected in the triglycerides most commonly
found in human blood that contain saturated fatty acids on the ends and unsaturated fatty
acids in the center.
As would be predicted, long-chain polyunsaturated fats such as linoleic acid and arachidonic
acid are usually bound at the middle positions of triglycerides from natural fats and oils and
therefore remain bound at the center through the process of digestion. This form with a longchain polyunsaturated fat in the center together with a saturated fatty acid on the end is ideal
for the structure of phospholipids, the lipids which form the major component of the outer
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layer of cells (i.e. the cell membrane), and is thus the primary backbone used in the synthesis of
phospholipids. Interestingly, even when 2-monoglycerides with a long-chain polyunsaturated
fatty acid already bound at the middle are not available, such as during times of fasting when
new fats are not being absorbed, the small intestinal cell will form phospholipids by attaching a
long-chain polyunsaturated fatty acid obtained from storage to the middle and a saturated fatty
acid on the end of a glycerol molecule, the same backbone used for triglycerides. Thus, it is
clear that this is the preferred form for phospholipids, and the intestinal cell employs multiple
pathways for achieving this formation whether the body is in a fasted or fed state.
Once the phospholipids have been reformed, along with triglycerides and cholesterol esters,
they are ready to be packaged into their protein envelopes formally known as chylomicrons.
The process of chylomicron synthesis begins in the cellular structure known as the endoplasmic
reticulum, and is finished in another cellular structure, the golgi apparatus. All together, the
reformation of triglycerides and their subsequent incorporation into chylomicrons takes
approximately 15 minutes. In many ways chylomicrons are similar to micelles, the spherical
lipid balls formed in the small intestine that help to transport the insoluble fats across and into
the cells lining the small intestine. Chylomicrons are also spherical and contain an inner
mixture of water insoluble lipids--triglycerides & cholesterol esters--and fat soluble vitamins
which are encased by a blend of water soluble proteins, phospholipids, and free cholesterol, a
structure that very closely resembles that of micelles. It is the water soluble outer layer that
makes the inner insoluble lipids transportable through the blood. The nature of the fatty acids
present in chylomicrons is determined by the nature of the types of fatty acids ingested.
Chylomicrons may also be formed using fatty acids from an earlier meal that have been stored
in the small intestinal cells. These chylomicrons are released when another meal is consumed
and the cells in the small intestine receive the signal that more fat is coming so they need to
free up space.
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Figure 3. A Chylomicron with water insoluble fatty acids inside and water soluble phospholipid heads
(pictured as little balls) on the surface
source: Anatomy & Physiology, Connexions Web site. http://cnx.org/content/col11496/1.6/

Chylomicrons are also similar to micelles in their primary role as fat transporters. After
chylomicrons are formed, they carry lipids from the site of fat absorption in the small intestine
to tissues all over the body where fat may be taken up and used for energy, stored for later use,
used for building structures such as cellular membranes, or to form other molecules such as
eicosanoids. Eicosanoids are essential to growth, immune function, signaling in the nervous
system, and the body’s ability to respond to injury or a pathogenic bacterial or viral threat with
fever and the inflammatory response.
Before chylomicrons may enter into the blood to be transported to other body tissues beyond
the intestines, they must first enter into the lymph, the fluid that circulates throughout the
lymphatic system carrying immune cells that can attack bacteria and other pathogenic threats.
Chylomicrons travel to the blood by way of the lymph because they are too large to enter into
the very small blood vessels present in the small intestine where the chylomicrons are formed,
and thus are forced into taking a longer route to reach the blood. Once the chylomicrons reach
the blood they disperse and travel to various sites all over the body. It is not yet clear whether
or not chylomicrons rich in different types of fatty acids (i.e. saturated, monounsaturated, or
polyunsaturated) take their own distinct routes through the blood.
Chylomicrons in the blood will be broken apart when they come into contact with lipoprotein
lipase (LPL), a lipid digesting protein enzyme that resides on the surface of the cells lining the
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tiny blood vessels widely distributed throughout the body’s tissues. The size and number of
chylomicrons in the blood has been shown to affect the activity of lipoprotein lipase (LPL).
Specifically, a small number of large chylomicrons are more rapidly cleared by LPL than a large
number of small chylomicrons. The size and number of chylomicrons released into the blood
reflects the particular proportions of saturated, monounsaturated, and polyunsaturated fatty
acids in a meal. The more unsaturated fatty acids, including monounsaturated and
polyunsaturated fatty acids, in a meal, the larger the size and the smaller the number of the
chylomicrons are formed and released from the small intestine, and the more quickly these
chylomicrons will be acted upon by lipoprotein lipase (LPL) resulting in a more rapid release of
their fatty acids into the blood followed by a more rapid uptake into tissues. In contrast, higher
amounts of saturated fatty acids results in the formation and release of a greater number of
small chylomicrons that are not as rapidly broken down by LPL.
Translated into the context of a real diet such as the Mediterranean diet rich in
monounsaturated fatty acids, the consumption of a meal high in monounsaturated fats results
in a higher peak blood lipid concentration since the chylomicrons are larger and richer in
triglycerides, and at the same time, would increase LPL activity resulting in a much more rapid
decrease in the levels of triglycerides circulating in the blood. This would allow the levels of
triglycerides to return back to their normal levels during fasting much more quickly than they
would after a meal rich in saturated fats. These same effects have also been shown to occur
with the chronic intake of a Mediterranean diet rich in monounsaturated fatty acids. It has
been hypothesized that the rapid flux of monounsaturated fatty acids through the bloodstream
contributes to the heart healthy qualities of the Mediterranean diet rich in monounsaturated
fatty acids. This is based upon growing evidence that a slower clearance of lipids from the
blood after a meal increases the risk of heart disease. The omega-3 polyunsaturated fatty acids
in the Mediterranean diet would also promote the more rapid clearance of lipids from the
blood after a meal, and may even lower the levels of lipids in the blood in between meals,
offering further protection against heart disease. This would be especially beneficial for
individuals who are obese and diabetic since such conditions have been shown to increase the
levels of blood lipids.
Lipoprotein lipase breaks down triglycerides in a similar fashion to lingual, gastric, and
pancreatic lipases in the digestive tract, releasing the free fatty acids on the ends of triglyceride
while retaining the central fatty acid so that it remains attached to the triglyceride backbone,
forming 2-monoglyceride. 2-monoglyceride and the released free fatty acids can then be taken
up into the tissue closest to where they were released, or the free fatty acids may become
bound to the protein albumin which will then carry them through the blood and back to the
liver. In healthy humans, 8-12% of the fatty acids from a single meal are taken up by the liver.
The liver will then use them for energy, to resynthesize triglycerides, or to form other more
complex lipids or lipid-derived molecules, some of which may be shipped back out into the
blood packaged into another spherical ball of lipids and proteins formally known as very-lowdensity lipoprotein (VLDL). The proportion of fatty acids freed by lipoprotein lipase that are not
taken up by the closest tissue and end up spilling over into the blood is generally significant. It
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has been estimated that after a meal in the fat tissue of healthy humans, half of the fatty acids
released from chylomicrons by lipoprotein lipase enter into fat cells and the other half enters
into the blood. Fatty acid uptake by skeletal muscle differs drastically from fat tissue in that all
of the fatty acids released by lipoprotein lipase are taken up by the muscle tissue, leaving no
fatty acids in the blood.
The differences in the relative proportions of fatty acids that are taken up into the tissue and
left in the blood between fat and skeletal muscle tissue reflects the high degree of regulation
involved in a tissue’s uptake of fatty acids. Not only will the uptake vary according to the type
of tissue, but it will differ depending upon a tissue’s current energetic state, whether or not the
body is in a fed or fasted state, and even the time of day. After an overnight fast, close to 0% of
the released fatty acids may be taken up by the tissue whereas 60 minutes after a meal as
much as 90% of the fatty acids may be absorbed into tissues. Four to five hours after a meal,
when the levels of blood triglycerides are at their highest, approximately 50% of the fatty acids
released by lipoprotein lipase are taken up into tissues. Blood triglycerides rise progressively
throughout the day with the consecutive ingestion of fat-containing foods, eventually peaking
at 12 to 2 am. Along with this incremental rise in blood triglycerides during the day is a
progressive increase in the uptake of dietary fatty acids into the body’s fat storage depots.
The uptake of fatty acids into tissues is partly regulated by the variable concentrations of free
fatty acids inside and outside of a tissue. Quite simply, as a cell uses up more of its supply of
free fatty acids causing the levels of free fatty acids to decrease, more free fatty acids will be
allowed to flow into the cell to replenish the its supply. While some free fatty acids may cross
the lipid-rich cellular membrane without a carrier, most free fatty acids are transferred into
cells with the help of carrier proteins known simply as fatty acid transporters that bind and
carry them into cells. Once the fatty acids are inside the cell, they must first be activated for
further metabolism by binding them to the nonprotein molecule coenzyme A in a process that
requires energy in the form of ATP. This energy requiring process is thought to be closely linked
to the fatty acid transport into the cell ensuring that the cell does not allow the entry of more
fatty acids than it has the energy to transform into their activated form.
When energy is needed by a cell or another tissue, a cell may start breaking down its own
storage of triglycerides in order to release and thus increase the concentration of free fatty
acids within the cell. When the levels of free fatty acids inside the cell are considerably greater
than the free fatty acids outside of the cell, there will be an efflux of free fatty acids out of the
cell. The breakdown of triglycerides within the cell is performed by another lipid digesting
protein enzyme formally known as hormone sensitive lipase (HSL). Lipids are stored within cells
as lipid droplets surrounded by proteins that protect them from hormone sensitive lipase (HSL)
that would act to break them down. When the cell needs energy, these proteins will no longer
serve to protect the droplets, but will actually act to expose the encased lipids to HSL so that it
may act to release fatty acids. Of course, the cell will only initiate the breakdown of its own
supply of triglycerides to obtain free fatty acids when there are no free fatty acids knocking at
its door, asking to come in. Besides being used by the cell itself, the fatty acids from stored
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triglycerides within a cell might also be packaged and shipped out into the blood bound to the
water soluble protein albumin to be used by other cells--even in different tissues--who are
currently more in need of energy. This is what often occurs when muscles are working in
exercise and are in need of high amounts of energy that are supplied by the fatty acids released
from the triglyceride stores in other tissues, most especially fat. This exchange of fatty acids
between tissues is very rapid so that typically half of the fatty acids that are released will
already be taken up by other tissues within just 4-5 minutes.
While the uptake and release of fatty acids into and out of cells is highly regulated, there is not
yet any clear evidence that cells selectively uptake fatty acids released from chylomicrons
according to their degree of saturation (i.e. the number of double bonds), at least fatty acids
16-18 carbons in length which account for the majority of dietary fatty acids. Thus, while it was
originally supposed that saturated, monounsaturated, and polyunsaturated fatty acids would
differ in their abilities to be transported into cells, it appears as though the fatty acids that are
not taken up into tissues and remain in the blood after they are released by lipoprotein lipase
have an equal chance of being saturated, monounsaturated, or polyunsaturated. Furthermore,
no other factors, including even the position of a fatty acid on a triglyceride molecule, have
been shown to affect whether a fatty acid released into the blood by lipoprotein lipase is
directly taken up into the closest tissues or whether it remains in the blood where becomes
bound to the protein albumin to be transported through the blood for use by the liver.
Nevertheless, while cells don’t appear to selectively uptake fatty acids 16-18 carbons in length
according to their degree of saturation or their position on a triglyceride, there is evidence to
indicate that a lower proportion of omega-3 polyunsaturated fatty acids EPA and DHA is taken
up into fat tissue after a meal compared with saturated and monounsaturated fatty acids 16-18
carbons in length, as would be expected from the lower concentrations of DHA and EPA in fat.
This results in the accumulation of DHA and EPA in the blood. There are also differences in
uptake between DHA and EPA. More DHA is directed towards the blood where it is bound with
albumin and taken to the liver, while more EPA appears to be taken up by the tissues. This is
consistent with the higher amount of EPA than DHA present in human adipose tissue. The
positions of DHA and EPA on the triglyceride backbone has also been shown to influence how
they are handled. DHA normally found in the middle position of the triglyceride backbone is
preferentially incorporated into triglycerides while EPA positioned on the ends of the
triglyceride backbone is more likely to be used for the formation of phospholipids.
As already stated, fatty acids that are released from the triglycerides within chylomicrons but
that are not taken up by tissues and therefore remain in the blood are transported bound to
the protein albumin back to the liver. What is left of the chylomicron after the fatty acids have
been released from the chylomicrons into the blood, formally referred to as the ‘chylomicron
remnant,’ is also delivered back to the liver. Together, the fatty acids that were not taken up by
tissues and the fatty acids remaining in the chylomicron remnant are used by the liver to form
triglycerides that are then repackaged into what is known as VLDL, another spherical ball of
lipids and proteins that like micelles and chylomicrons functions to transport fat. Specifically,
VLDLs carry fat from the liver through the blood to areas of the body in need of fat for energy
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or other purposes. Unlike chylomicrons that appear mainly after a meal, VLDLs are present in
high numbers at all times, during times of fasting and feeding. Even after a meal when the
concentrations of chylomicrons in the blood are at their highest, the VLDLs in circulation far
outnumber the chylomicrons present. The lipids present in VLDLs may include fatty acids
synthesized within the body, dietary fat from the meal just ingested, and fatty acids from
previous meals. Dietary fatty acids have been shown to be incorporated into VLDLs quite
rapidly, appearing in VLDLs just 90 minutes after food intake. The concentrations of dietary
fatty acids present in the triglycerides of VLDLs will continue to rise reaching their peak 4-6
hours after a meal, just shortly after the dietary triglyceride concentrations in chylomicrons hit
their peak levels 3-4 hours after eating. Thus, VLDLs and chylomicrons both work together to
distribute and redistribute fatty acids throughout the body. However, the relative proportion
of triglycerides relative to the other lipid components (e.g. cholesterol) in the VLDL particle is
somewhat less than those in chylomicrons.
In times of fasting, VLDLs function as vehicles that redistribute fatty acids from prior meals and
fatty acids that were synthesized by the body. While all VLDLs are produced by the liver, VLDLlike particles are also synthesized and secreted by the small intestine in a fasting state using
lipids formed by the body. Dietary fatty acids may actually cycle through the liver and undergo
VLDL transport more than once before they reach their final destination. Within 9 hours after a
meal, dietary fatty acids may be carried by VLDL, released into the blood as free fatty acids, and
then carried back to the liver where they are used once again in the formation of more VLDLs.
Released VLDLs that are circulating in the blood slowly lose their triglycerides as they are acted
on by lipoprotein lipases present on the inner lining of tiny blood vessels distributed throughout
the body’s tissues. As you may recall, lipoprotein lipase is the same lipid digesting protein
enzyme that acts to break apart and release free fatty acids from chylomicrons. In some cases,
lipoprotein lipase may preferentially act upon chylomicrons over VLDLs such as in fat tissue
where the triglycerides within chylomicrons are typically broken down much more rapidly than
the triglycerides present in VLDLs.
Fatty acids released from either chylomicrons or VLDLs are subjected to the same potential
fates. They may be taken up into nearby tissues where they may be broken down for energy,
stored as triglycerides, incorporated into phospholipids and used to form structural
components in the cell such as the cell membrane, or converted into compounds such as
prostaglandins, leukotrienes, and thromboxanes that act as cellular signals that work to
regulate cellular function. VLDLs depleted of their triglycerides formally known as “VLDL
remnants” are either taken back up by the liver or remain in the blood where they are further
depleted of their triglycerides. As they lose more triglycerides, the VLDLs are slowly
transformed into IDLs, spherical balls with more cholesterol relative to triglycerides, which
through further loss of triglycerides eventually take on the form of LDLs, the most cholesterol
rich ball of lipid and protein circulating in the blood.
Dietary fatty acids may cycle through several trips on board of VLDLs and perhaps also through
the different pools of body lipids (e.g. triglycerides, phospholipids, and cholesterol esters)
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before they are finally partitioned into storage in the body’s fat depots. In rats, dietary fatty
acids were found to gradually accumulate in fat stores over the course of several weeks,
reaching a peak concentration at one month. The hormone insulin promotes the formation of
triglycerides from those fatty acids that are being partitioned into storage. The three largest fat
stores in the body are located in the liver, skeletal muscle and fat tissue. Each of these tissues
has stores of triglycerides that can be mobilized to release free fatty acids. The liver uses these
free fatty acids for energy and in the formation of VLDLs. The skeletal muscle uses them for
energy, and the adipose (fat) tissue releases free fatty acids into the blood for use by other
tissues.
Lipid Anabolism/Creation/Synthesis Notes
"Fatty acids are synthesized mainly in the liver in humans, with dietary glucose serving as the
major source of carbon. Glucose is converted through glycolysis to pyruvate, which enters the
mitochondrion and forms both acetyl coenzyme A (acetyl-CoA) and oxaloacetate (Fig. 33.1).
These two compounds condense, forming citrate. Citrate is transported to the cytosol, where it
is cleaved to form acetyl-CoA, the source of carbon for the reactions that occur on the fatty acid
synthase complex. The key regulatory enzyme for the process, acetyl-CoA carboxylase,
produces malonyl-CoA from acetyl-CoA."
"The growing fatty acid chain, attached to the fatty acid synthase complex in the cytosol, is
elongated by the sequential addition of two-carbon units provided by malonyl-CoA. NADPH,
produced by the pentose phosphate pathway and the malic enzyme, provides reducing
equivalents. When the growing fatty acid chain is 16 carbons in length, it is released as
palmitate. After activation to a CoA derivative, palmitate can be elongated and desaturated to
produce a series of fatty acids.
Fatty acids, produced in cells or obtained from the diet, are used by various tissues for the
synthesis of triacylglycerols (the major storage form of fuel) and the glycerophospholipids and
sphingolipids (the major components of cell membranes)."
"Glycerophospholipids are also synthesized from fatty acyl-CoA, which forms esters with
glycerol 3-phosphate, producing phosphatidic acid. Various head groups are added to carbon 3
of the glycerol-3-phosphate moiety of phosphatidic acid, generating amphipathic compounds
such as phosphatidylcholine, phosphatidylinositol, and cardiolipin (Fig. 33.3A)."
"Fatty acids, obtained from the diet or synthesized from glucose, are the precursors of
glycerophospholipids and of sphingolipids. These lipids are major components of cellular
membranes…In glycerolipids and ether glycerolipids, glycerol serves as the backbone to which
fatty acids and other substituents are attached. Sphingosine, derived from serine, provides the
backbone for sphingolipids…..The initial steps in the synthesis of glycerophospholipids are
similar to those of triacylglycerol synthesis. Glycerol-3-phosphate reacts with fatty acyl CoA to
form phosphatidic acid. Two different mechanisms are then used to add a head group to the
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molecule. A head group is a chemical group, such as choline or serene, attached to carbon 3 of
a glycerol moiety that contains hydrophobic groups, usually fatty acids, at positions 1 and 2.
Head groups are hydrophilic, either charged or polar." (p. 514-515).
"The major source of carbon for the synthesis of fatty acids is dietary carbohydrate. A caloric
excess of dietary protein can also result in fatty acids synthesis. In this case, the carbon source
is amino acids that can be converted to acetyl CoA or tricarboxylic acid (TCA) cycle
intermediates. Fatty acids synthesis occurs mainly in the liver in humans, although the process
also occurs in adipose tissue. When an excess of dietary carbohydrate is consumed, glucose is
converted to acetyl CoA, which provides the 2-carbon units that condense in a series of
reactions on the fatty acid synthase complex, producing palmitate. Palmitate is then converted
to other fatty acids. The fatty acid synthase is located in the cytosol, and therefore it uses
cytosolic acetyl CoA." (Marks, Dawn B.; Marks, Allan D.; Smith, Colleen M. p. 503-504).
SEE "Conversion of Glucose to Cytosolic Acetyl CoA": Glucose =>Pyruvate (via glycolysis in the
cytosol) => pyruvate to acetyl CoA (in the mitochondria) => for f.a. synthesis, acetyl CoA is
converted to citrate for transportation out of mitochondria to cytosol => cytosolic Acetyl CoA is
converted to malonyl CoA, which serves as the immediate donor of the 2-Carbon units that are
added to the growing fatty acid chain on the fatty acid synthase complex.(rxn involves addition
of carboxyl group via biotin and ATP) => Fatty acid synthase sequentially adds 2-carbon units
from malonyl CoA to the growing fatty acyl chain to form palmitate. (Marks, Dawn B.; Marks,
Allan D.; Smith, Colleen M. p. 504-506).
"Phospholipids have a chemical structure similar to that of triglycerides, except that one of the
fatty acids is replaced by another compound. Phospholipids and diglycerides--two fatty acids
attached to a glycerol backbone. A phosphate group with a nitrogen-containing component,
such as choline, occupies the third attachment site. The phosphate-nitrogen component of
phospholipids is hydrophilic, so a phospholipid is compatible with both fat and water: fatty
acids in its diglycerides area attract fats, white its phosphate-nitrogen component attracts
water-soluble substances." (Insel, Paul; Ross, Don; McMahon, Kimberley; Bernstein, Melissa p.
198-199).
"Chemically speaking, a triglyceride is an ester, a combination of an alcohol and a fatty acid. An
ester forms when a hydrogen and oxygen from the fatty acids' carboxyl (acid) group combine
with a hydrogen from the alcohol's hydroxyl (alcohol) group. Because the reactions produce a
molecule of water, it is called a condensation reactions. An ester linkage now chemically joins
the altered fatty acid and alcohol, a process called esterification." (Insel, Paul; Ross, Don;
McMahon, Kimberley; Bernstein, Melissa p. 190).
How do cells form fatty acids together, with other compounds, to create parts of the cell
membrane?
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Yes, fatty acid anabolism does occur. Lipid anabolism, also known as lipogenesis, is stimulated
by insulin in the cells of liver and adipose tissue. Glucose molecules are used to form glycerol,
the backbone of both triglycerides and many membrane lipids, and acetyl CoA is used for the
synthesis of fatty acids.
Glucose, certain amino acids, and ketone bodies can all be converted to acetyl CoA, the source
of carbon for fatty acid synthesis. In the cytosol (the intracellular fluid) of the cell, two carbon
units are added onto acetyl-CoA at a time to grow a fatty acyl chain. This cycle will continue
until a 16 carbon long saturated fatty acid chain formally known as "palmitate" is formed.
Palmitate may then combine with acetyl CoA to become active and ready to undergo further
desaturation and elongation resulting in the formation of various long chain unsaturated fatty
acids. These fatty acids can then be used for the synthesis of triglycerides (the major storage
form of fuel) or in the formation of glycerophospholipids and sphingolipids (the major lipid
components of cell membranes).
The construction of phospholipids (also known as membrane lipids) is similar to that of
triglycerides in that fatty acids must first link up with acetyl CoA before they may be used.
Once activated with acetyl CoA, the fatty acids can be attached to a glycerol backbone to form
glycerophospholipids by way of a condensation reaction that results in the loss of a molecule of
water. To form sphingolipids, another type of membrane lipid, fatty acids are attached to a
sphingosine backbone derived from serine.
Glycerophospholipids are similar in structure to triglycerides in that they both are composed of
fatty acids attached to a glycerol backbone. However, in glycerophospholipids, one of the three
fatty acids is replaced with a phosphate group with a nitrogen-containing component that is
hydrophilic (i.e. water loving). This water loving compound serves as the head of the
membrane lipid, while the two fatty acids form the hydrophobic (water fearing) tail. By having
both a water loving and water fearing component, membrane lipids can be compatible with
both fat and water. Their water loving head can face the extracellular fluid and their fatty acid
tail can be used to form the core of the lipid membrane.
The Body selectively partitions Fatty Acids into different body lipid pools (triglycerides,
phospholipids, cholesterol esters):
The various types of fatty acids consumed in the diet are selectively incorporated into either
triglycerides that will provide the body with energy or into other lipids such as phospholipids
and cholesterol esters. For instance, the slightly shorter saturated fatty acid, the 14 carbon
long myristic acid, is almost entirely packaged into triglycerides while long-chain
polyunsaturated fatty acids such as the essential fatty acids linoleic and linolenic acids are
commonly used in the formation of phospholipids and cholesterol esters. The long-chain
monounsaturated fat oleic acid and the long-chain saturated fat palmitic acid are preferentially
incorporated into triglycerides. Although, a significant portion of the long-chain saturated fatty
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acids palmitic acid and stearic acid are also used in the synthesis of phospholipids with
approximately 18% of palmitic and 33% of stearic dietary intakes ending up in the
phospholipids of cell membranes. Together, palmitic and stearic acids are important
constituents of cellular membranes, accounting for 20-40% of the total fatty acids in most
tissue phospholipids, and are also the most common saturated fatty acids in the human body.
Chain length can determine whether or not a fatty acid will be used in the formation of any
body lipids at all. Short and medium-chain fatty acids are not commonly used in body lipids, in
spite of the fact that they are produced in relatively large quantity from the fermentation of
undigested carbohydrates in the large intestine. This is largely due to the fact that fatty acid
synthase (FAS), the major protein enzyme that catalyzes the formation of triglycerides and
other body lipids, prefers to use fatty acids that are 14 carbons or longer in length. Thus,
neither short nor medium-chain fatty acids make any significant contributions to the human
body’s fat stores or to the phospholipids in cellular membranes. Although, some medium-chain
fatty acids may be used to form long-chain fatty acids such as palmitate that can then be used
in body lipids. However, in general, short and medium-chain fatty acids are almost exclusively
used as a ready source of energy that undergo a more rapid and greater degree of oxidation
than long-chain fatty acids.
“Because of the hydrophobic nature of lipids, dietary fat is handled differently than protein or
carbohydrate with respect to digestion and absorption....Within the enterocyte, complex lipids
are re-synthesized and packaged into lipoprotein particles for release into the lymph system for
subsequent metabolism by peripheral tissue. Once in the body, the apolar nature of lipids
necessitates multiple complex transport systems that are unique relative to protein and
carbohydrate.” (Erdman, J.W.; MacDonald, I.A.; Zeisel, S.H. p. 118).
“...fats are insoluble in water and must be rendered soluble before they can be absorbed in the
gut and transported within cells and in the circulation....In the small intestine emulsified fats
are solubilized by associating with bile salts produced in the liver and stored and released from
the gallbladder, and phospholipids to form complex aggregates known as mixed micelles. Lipids
within cells and in the circulation are solubilized by combining with specific proteins known as
fatty acid-binding proteins (FABPs) and apolipoproteins (ApoA, B, C, E), respectively.” (Gibney,
M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 93).
“Over the course of evolution, TG emerged as a major form of energy storage because of their
high energy density and low metabolic cost of storage (18). Efficient TG absorption is thus a
biological imperative, especially in mammals, whose metabolic paradigm requires that
sufficient energy stores are available for thermogenesis, internal gestation, and lactation (53).
Nonetheless, the nutritional advantages of TG are offset by a significant biophysical problem:
they are insoluble in water. Thus, dietary TG absorption requires a complex sequence of
intraluminal and intracellular processes: TG are first emulsified in the stomach and hydrolyzed
by gastric and pancreatic lipases; liberated FA are solubilized in bile acid mixed micelles and
transported through the brush border in the enterocyte, where they are bound by caveolin-1
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(58) and FABP2; and finally, short-chain FA (i.e., those with <12 carbons) pass directly into the
portal circulation, whereas long-chain FA (i.e., those with >12 carbons) are reesterified to TG
and enter the chylomicron assembly pathway, where they are packaged into nascent
lipoproteins and secreted into the mesenteric lymphatics (12, 50).” (McKimmie, R.L.; Easter, L.;
Weinberg, R.B.).
“The digestion of dietary fat takes place in three phases, known as the gastric, duodenal, and
ilial phases. These involve crude emulsification in the stomach, lipolytic breakdown by lipases
and solubilization with bile salts in the duodenum and, finally, absorption into the epithelial
cells or enterocytes lining the walls of the small intestine or ileum.” (Gibney, M.J.; Lanham-New,
S.A.; Aedin, C.; Hester, V.H. p. 92).
“Fat digestion begins at the point of entry, the oral cavity where salivation and mastication
occur. Lingual lipase, released from the von Ebner (serous) glands of the tongue along with
saliva, can cause the release of small amounts of fatty acids from triacylglycerol. Lingual lipase
cleaves the sn-3 position of the triacylglycerol molecule, with higher efficiency towards shorterchain fatty acids. For this reason the impact is thought to be greater in infants due to their high
intake of milk fat, which contains a high proportion of short-chain fatty acids. When active,
lingual lipase activity continues as food travels through the esophagus and into the stomach. In
the stomach, gastric lipase is released from the gastric mucosa. This enzyme cleaves
triacylglycerol at the sn-3 position. It has been estimated that 10-30% of fat hydrolysis occurs
prior to the masticated bolus of food entering the small intestine. The increased pH of the
intestine on entry of the food bolus decreases the activity of the lingual and gastric lipases.”
(Erdman, J.W.; MacDonald, I.A.; Zeisel, S.H. p. 122).
“Initially, the fatty food, if consumed orally and masticated is mixed with lingual lipase, followed
by hydrolysis of the triglycerides by gastric lipase in the stomach. Both lingual and gastric
lipases preferentially hydrolyze short-chain fatty acids at the sn-3 position to produce
diacylglycerols....humans and baboons have high levels of gastric and pancreatic lipase and very
little lingual lipase....Very short-chain (up to eight carbons) fatty acids are absorbed directly
from the stomach into the venous circulation. In addition, small but variable amounts of longchain free fatty acids (FFAs) can be absorbed directly by the portal circulation....Most of the
C14-C18 fatty acids, as free or esterified fatty acids, are passed into the intestinal lumen, where
pancreatic lipase, colipase, and bile are added to the digestive ferment followed by further
lipolysis. The composition of fat entering the upper duodenum is made up of 70% of TGs with
the remainder consisting of a mixture of partially digested hydrolysis products formed primarily
by gastric lipase. Under normal digestion and absorption, majority of the fatty acid hydrolysis is
caused by pancreatic lipase which acts mainly on the sn-1 and sn-3 position of the natural TGs,
leaving the 2-monoglyceride intact. A rearrangement of sn-2 monoglyceride into sn-1(3)
monoglyceride may result in complete degradation into glycerol and FFAs by pancreatic
lipase....Phospholipids are hydrolyzed by pancreatic enzymes to FFAs and their derived lyso
compounds....Cholesterol esters, if present, are hydrolyzed completely to free cholesterol and
free fatty acids by cholesterol esterases. Once the ingested fats have been hydrolyzed to FFA,
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monoglycerides, lysophospholipids, and free cholesterol, the hydrolysis products are absorbed
by the enterocytes of the intestinal wall. The process of absorption from the intestinal lumen
into the enterocyte is by passive diffusion.” (Chow, C.K., ed. pp. 593-594).
“The majority of triacylglycerol digestion and absorption occurs in the small intestine. This
process is co-dependent on pancreatic lipase and liver-derived bile salts. Bile is secreted from
the gall bladder or directly from the liver in response to the presence of fat in the duodenum.
Bile, per se, is composed of bile salts, phospholipid and cholesterol. The major function of bile
is to emulsify the intestinal contents, referred to as chyme. Emulsification serves to increase
the surface area of the hydrophilic mass....The entry of fat into the duodenum, in addition to
stimulating the contraction of the gall bladder, causes cholecystokinin secretion and the release
of pancreatic lipase and colipase. The amount of fat habitually entering the duodenum
regulates gene expression of pancreatic lipase. In the intestine pancreatic lipase is responsible
for the majority of the triacylglycerol hydrolysis. Pancreatic lipase hydrolyzes the sn-1 and sn-3
positions of triglyceride. The sn-2 (middle) position of glycerol is resistant to hydrolysis by
lipases....The hydrolytic products of triacylglycerol (2-monoacylglycerol and free fatty acids),
along with bile salts, phospholipids, cholesterol, and other fat-soluble substances, form micelles
in the small intestine...Deficits in the availability of an adequate amount of pancreatic lipase or
bile acids can result in steatorrhea (presence of undigested fat in the stool).” (Erdman, J.W.;
MacDonald, I.A.; Zeisel, S.H. p. 123).
“The action of pancreatic lipase on TAG yields free fatty acids and 2-MAG. Fatty acids of shortand medium-chain length (≤14 carbons) are absorbed directly into the portal circulation with
free glycerol and transported bound to albumin to the liver, where they are rapidly oxidized. In
contrast, long-chain fatty acids (LCFAs; >14 carbons) associate with bile salts in bile juice from
the gallbladder and are absorbed into the enterocyte for further processing and packaging into
transport lipoproteins....These bile salts act effectively as detergents, solubilizing lipids by the
formation of mixed micelles. These are spherical associations of amphipathic molecules (with
hydrophobic and hydrophilic regions) with a hydrophilic surface of bile salts and phospholipids
that encapsulates a hydrophobic core of more insoluble LCFAs and 2-MAG. The micelle core
will also contain some lipid-soluble vitamins including tocopherols and carotenoids. The
formation of mixed micelles increases the solubility of fat by 100- to 1000- fold....facilitates the
dissociation of LCFAs and 2-MAG from the micelle and diffusion into the enterocyte....The ilial
or absorptive phase involves the transit of dietary fats from mixed micelles into the
enterocyte....the translocation of LCFAs and 2-MAG from the micelle into the enterocyte is now
known to be assisted by the presence of FABPs within the cell membrane and the cell. These
maintain a diffusion gradient down which LCFAs and MAGs can flow into the cell. FABPs have
numerous roles within cells and specificity for different types of LCFAs. Thus, the absorption of
LCFAs and 2-MAG derived from dietary TAGs occurs by facilitated diffusion via FABP, which
increases membrane permeation and promotes cellular uptake of LCFAs and monoglycerides.
An additional factor that drives the diffusion gradient is the rapid re-esterification of LCFAs into
2-MAG and 2-MAG into TAGs within the enterocyte by the enzyme acyl-CoA-cholesterol
acyltransferase (ACAT). The absorption of dietary TAGs in the small intestine is extremely
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efficient, with up to 90% being absorbed.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester,
V.H. pp. 93-94).
“Metabolic discrimination between MCT and LCT commences in the gut. The smaller molecular
weight of MCT as compared to LCT facilitates the action of pancreatic lipase and therefore
increases the rate of digestion of MCT (1). Consequently, MCT undergo faster and more
complete hydrolysis to MCFA than LCT to LCFA (8,9,10) and MCFA are absorbed more quickly
into the intestinal lumen (1,ll). In addition, due to the longer chain length specificity of acyl-CoA
synthetase, MCFA are not significantly incorporated into triglycerides and the subsequent
chylomicrons as are LCFA, and therefore leave the intestine and enter the blood faster (1).
Following digestion and absorption into the intestinal mucosa from the lumen, saturated LCFA
are incorporated into chylomicrons and transferred to the circulation primarily via the thoracic
duct, thereby initially bypassing the liver (Figure 1) (12,13,14). In contrast, higher
concentrations of MCFA and unsaturated LCFA, bound to albumin, travel directly to the liver in
the portal blood (3,15)....MCFA are therefore transported directly to the liver via the portal
circulation unlike LCFA which are preferentially incorporated into chylomicrons as LCT and
transported via lymph. ” (Papamandjaris, A.A.; MacDougall, D.E.; Jones, P.J.H. p. 1204

Figure 4. Differential MCFA and LCFA Transport (Papamandjaris, A.A.; MacDougall, D.E.; Jones, P.J.H. p.
1205).

“The pancreatic lipase released during fat absorption is primarily responsible for hydrolysis of
the ingested triacylglycerols. Bottino et al. (1967) and Chen et al. (1994) showed that esters of
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long-chain PUFA of marine origin [20:5(n-3) and 22:6(n-3)] are highly resistant to the action of
pancreatic lipase possibly as a result of the structure of the (n-3) PUFA with a double bond close
to the ester bond.” (Porsgaard, Trine; Hoy, Carl-Erik).
“The efficiency of triacylglycerol absorption is approximately 95% in adults and 85-90% in
infants, and is similar over a wide range of the total fat intakes. Fatty acids with 12 or more
carbon atoms are absorbed into the lymphatic system as chylomicrons. Fatty acids with 10 or
fewer carbon atoms, sometimes referred to as short- and medium-chain fatty acids, are
absorbed directly into the portal circulation....Short-chain fatty acids are absorbed directly into
the portal circulation and transported bound to albumin via the peripheral circulation rather
than undergoing incorporation into chylomicrons as occurs for longer-chain fatty acids. The
majority of short-chain fatty acids are either oxidized directly as energy sources or converted to
other metabolites within the hepatocyte. As such, short-chain fatty acids have been identified
as possessing greater thermogenic action than longer-chain fatty acids.” (Erdman, J.W.;
MacDonald, I.A.; Zeisel, S.H. pp. 123-124).
“Short-chain fatty acids are hydrolyzed preferentially from triacylglycerols and absorbed from
the intestine to the portal circulation without resynthesis of triacylglycerols. These fatty acids
serve as a ready source of energy, and there is only a low tendency for them to form adipose.”
(German, J.B.; Dillard, C.J.).
“Important determinants of the digestion and absorption of fats are the fatty acid composition
and the intramolecular structure of the triacylglycerols. The preduodenal [pre-small intestine]
lipases acting in the stomach are most active toward short- and medium-chain fatty acids
(DeNigris et al. 1985, Hamosh 1979, Paltauf et al. 1974); in this study, the main example of this
process was a more rapid hydrolysis of butter because this is the only fat used that contained
these fatty acids (∼14 mol/100 mol of total fatty acids). In this context, it is important to note
that short- and medium-chain fatty acids are absorbed primarily directly into the blood through
the portal vein (Bernard and Carlier 1991, Vallot et al. 1985) and therefore are not incorporated
into lymph triacylglycerols.” (Porsgaard, Trine; Hoy, Carl-Erik).
“Unsaturated fatty acids and MCFA are more efficiently absorbed than long-chain saturated
fatty acids. Because of the way that MCFA are digested, they can be absorbed in the stomach,
after hydrolysis of MCT by gastric lipase [15], and can also be solubilized in the aqueous phase
of the intestinal contents, where they are absorbed bound to albumin and transported to the
liver via the portal vein [1]. For these reasons, medium-chain TG has been used as an energy
source in syndromes having pancreatic-enzyme deficiency such as cystic fibrosis [7]. With
increasing chain lengths of saturated fatty acids, an increasing proportion is absorbed into the
lymphatic pathway and a decreasing proportion is absorbed by way of the portal venous blood
[3]. There is some limited evidence that a substantial amount (over 50%) of infused linoleic and
linolenic acids bypass the lymphatic pathway [3].” (Ramirez, M. et. al. p. S97).
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“The few studies that have measured individual FA absorption in adults have similarly noted
that saturated FA, particularly stearic acid, are absorbed with lower efficiency (5, 15, 29).
However, to date [2013], quantitative data on the absorption of the full spectrum of dietary FA
in adults have not been reported. Our findings reveal that there is considerable variability in
the efficiency with which individual FA are absorbed by the healthy adult gut. Specifically, we
observed that absorption of saturated FA is less efficient than mono- or polyunsaturated FA and
that the absorption efficiency is inversely related to the number of carbons in the fatty acyl
chains but is increased with the number of double bonds. The observed effects of acyl chain
length and saturation on the efficiency of dietary FA absorption cannot be explained by a
differential substrate specificity of pancreatic lipase, since chain length has only a weak impact
on its rate of hydrolysis, and higher degrees of fatty acyl desaturation actually inhibit its activity
(41, 68). Rather, the inverse relationship between FA hydrophobicity and absorption efficiency
is evidence of the central importance of physicochemical phenomenon in intestinal FA
absorption, specifically solubilization into bile acid mixed micelles in the lumen, micellar
diffusion through the unstirred water layer, and uptake by the enterocyte brush-border
membrane (12, 50).” (McKimmie, R.L.; Easter, L.; Weinberg, R.B.).
“Absorption coefficients for saturated FA decreased with increasing chain length and
hydrophobicity (mean ± SE) and ranged from 0.95 ± 0.02 for myristate (14:0), 0.80 ± 0.03 for
stearate (18:0), to 0.26 ± 0.02 for arachidate (20:0). Absorption coefficients for unsaturated FA
increased with increasing desaturation from 0.79 ± 0.03 for elaidic acid (18:1t), 0.96 ± 0.01 for
linoleate (18:2), to near complete absorption for eicosapentaenoic (20:5) and docosahexaenoic
(22:6) acids....We conclude that acyl chain length, saturation, and hydrophobicity are the major
determinants of the efficiency with which dietary FA are absorbed by the adult small intestine.”
(McKimmie, R.L.; Easter, L.; Weinberg, R.B.).
“Long-chain saturated fatty acids are generally believed to be absorbed less efficiently by the
enterocytes and possibly also reesterified less efficiently into triacylglycerols than
corresponding unsaturated fatty acids (Bergstedt et al. 1990, Mattson et al. 1979, Ockner et al.
1972).” (Porsgaard, Trine; Hoy, Carl-Erik).
“A typical meal contains lipids mainly in the form of triacylglycerides (TAG), with small amounts
of non-esterified fatty acids (NEFA), cholesterol, other sterols and phospholipids. Digestion of
dietary lipids begins in the stomach with partial hydrolysis of TAG and the formation of large fat
globules that also contains NEFA, phospholipids and sterols. Gastric lipases hydrolyze the TAG
containing short-chain FA faster than those containing medium- or long-chain FA, but no
differential hydrolysis rates of the TAG based on the degree of saturation of the FA that they
contain was reported [51]. Nevertheless, olive oil was shown to promote gastrointestinal
secretions and to stimulate stomach emptying [52], which would increase the rate of supply of
monoacylglycerols and FA to the enterocyte. As these fat globules enter the intestinal lumen,
they are mixed with bile salts and hydrolyzed by pancreatic lipases to monoacylglycerols and
long-chain FA, which then enter enterocytes by either a passive or facilitated process. The later
is responsible for the greater portion of uptake and includes FA transporter proteins such as the
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fatty acid binding protein (FABP) which are associated with the brush border membrane [53].
To our knowledge, only one study investigated the transport of FA through intestinal FABP and
reported no discrimination among the different FA [54]. Finally a study of Jones et al. [55]
investigated the malabsorption of different FA given within an emulsion and reported little
difference. Relatively small amounts of [1-13C] palmitic acid (1.2%) and [1-13C]oleic acid (1.9%)
were excreted in stool, indicating almost a complete absorption. Only [1-13C]stearate was less
absorbed (91% of absorption). Thus, current knowledge [as of 2009] suggests that assimilation
of dietary fat is not highly influenced by the dietary FA composition of meals.” (Bergouignan, A.
et. al.).
“By reason of their hydrophobicity, LCFA begin to cross this aqueous diffusion barrier into
mixed micelles which increase 100–1000 fold their aqueous concentration [26]. Since LCFA are
ionized at physiological pH in aqueous solution, the low pH microclimate found near BBM
induces their massive protonation as soon as local pH becomes lower than LCFA pKa. This event
is essential for an efficient fat absorption. Indeed, by reducing the LCFA solubility into mixed
micelles, protonation induces the release of LCFA near the microvilli of absorptive cells [27].
Moreover, protonation facilitates their subsequent cellular uptake mainly by diffusion since
protonated LCFA are known to have a greater membrane permeation capacity than their
corresponding ionized species [13,28].In brief, passive diffusion seems to play a significant role
in LCFA uptake in the small intestine. This high capacity and low affinity system appears
especially well adapted to intestinal challenges since it remains efficient during the postprandial period. Indeed, lipid fecal loss remains below 5% (w/w) even in situation of high fat
supply in healthy humans, [30]. Therefore, lipid uptake does not appear to be a rate-limiting
step for the intestinal fat absorption, in contrast to what it is reported for other lipid-utilizing
tissues. This conclusion raises the question of the physiological role played by the plasma
membrane lipid-binding proteins found in enterocytes.” (Niot, I. et. al.).
“As shown in Fig 1A [found below] dietary fat absorbed into the enterocyte can be 1)
repackaged into chylomicron (CM) lipoprotein particles for distribution to the body tissues, 2)
stored within the enterocyte in a lipid droplet or TG storage pool, 3) partitioned into other
lipids including cholesteryl ester (CE) or phospholipid (PL), and 4) oxidized. Incorporation of
dietary fatty acids into TG or other lipids within the enterocyte may depend on chain length and
structure (saturation). For example, myristate is preferentially packaged into TG (over 95%),
whereas a portion of palmitate is incorporated into PL (18%) and CE (7%) [12]. Stearate appears
better incorporated into PL (estimated 33%) compared to palmitate, and less ends up in TG and
CE [12,13]. Polyunsaturated fatty acids (PUFA) including 18:2n6 and 18:3n3 are also
proportionally incorporated more into CE and PL compared to 16:0 and 18:1 [14,15].” (Lambert,
J.E.; Parks, E.J.).
“FA-CoA are rapidly re-esterified in TAG in the ER before to form pre-CM then CM in the Golgi
apparatus.” (Niot, I. et. al.).
Why does nature like to hold fat in triglycerides?
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Triglycerides are chemically inert (won't react with other molecules) and won't bond with water
molecules allowing for them to be tightly packaged up without any extra water weight.
Fatty acids, on the other hand, are chemically active (will readily react) and are "amphipathic"
meaning they have one end that is polar (water-loving) and one end that is non-polar (waterfearing).
Thus, by packaging fatty acids up into triglyceride form the body is able to transform chemically
active constituents that can associate with water (i.e. fatty acids) into a molecule (i.e.
triglyceride) that is chemically inert and entirely hydrophobic (water-fearing).
Lipids and water-based blood don't mix. Free fatty acids (not packaged up in triglycerides) are
bound to the protein albumin that transports the fatty acids through the blood. Fatty acids that
have been formed into a triglyceride are shuttled by a spherical ball of lipids and proteins
formally known as a "lipoprotein."
Packaging up fatty acids into triglycerides will not make fatty acids flow in water (or the
aqueous environment of blood) better. That is why triglycerides are shuttled on lipid rafts that
are in essence a spherical ball containing hydrophobic (water fearing) triglycerides in the inside
and phospholipids with their hydrophilic (water loving) head on the outside facing the aqueous
environment.
Shorter fatty acids have a smaller water-fearing portion (the C-H bonds), and thus the waterloving portion (the acidic group at the end) factors more significantly into the overall solubility
in aqueous blood. This makes them soluble enough in blood to just require a lipid raft (ie. the
protein, albumin) that does not encase them inside a layer of phospholipids, but rather
transports them through the blood just to make sure they don't react with anything on the way.
Short chain and medium chain fatty acids are rarely packaged up into triglyceride form, instead
remaining as free fatty acids in the blood.
The structure of a lipoprotein allows its to flow freely in the blood even though it contains such
a high content of lipid. Lipoproteins are structured with the water-insoluble lipid components
(triglycerides, fat soluble vitamins, and cholesterol esters -- the storage form of cholesterol
which is bound to fatty acids) tucked in the inside and the water-soluble lipid components
(phospholipids, free cholesterol, and water soluble proteins) on the outer surface facing the
blood. The water soluble proteins on the outside known as apolipoproteins determine the
lipoprotein's function or behavior, regulating the metabolism of the lipoprotein including which
tissues will act upon it.
There are five different types of lipoproteins, and each one has a slightly different role in lipid
transport. The five classes of lipoproteins include: chylomicrons, VLDL, IDL, LDL (lousy
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cholesterol) and HDL (good cholesterol). Chylomicrons and VLDL carry the greatest amount of
triglycerides, and thus are the most important in terms of triglyceride distribution throughout
the body. Chylomicrons are formed in the intestine, and function to carry triglycerides
synthesized from dietary fatty acids to tissues throughout the body including adipose and
muscle. Chylomicrons initially bypass the liver, but their remaining contents are taken up by
the liver after they have made their rounds passing by the other tissues. VLDL's are synthesized
and released by the liver. The liver uses fatty acids from diet and fatty acids it has formed itself
to form the triglycerides that are packaged up into VLDLs. VLDLs carry these triglycerides from
the liver to other tissues in the body. As VLDLs lose triglycerides from their uptake by tissues,
VLDLs are slowly transformed into another lipoprotein IDL. Once a lipoprotein takes the form
of IDL it has more cholesterol than triglycerides tucked inside its core. This process of
triglyceride loss to tissues continues until the lipoprotein takes the form of LDL, the most
cholesterol rich ball of lipid and protein in the blood. LDL is also known as the bad or lousy
cholesterol. This is again, as I stated in a previous email, due largely to its affinity for deposition
in the vascular wall, especially once it has been oxidized. HDL, the so-called good cholesterol, is
a lipoprotein that functions in transporting cholesterol from tissues back to the liver where it is
metabolized.
Another thing to keep in mind is that fatty acids absorbed into small intestinal cells can be used
to form phospholipids (the water soluble lipids on the outside of lipoproteins and all cell
membranes), cholesterol esters (the storage and transport form of cholesterol that is bound to
fatty acids), or triglycerides (glycerol + 3 fatty acids). Once a fatty acid is used to form one of
these lipids, it is then packaged up into a chylomicron. Fatty acids will continuously circulate
between these different lipid pools.
Are animal fats absorbed better in humans than plant oils? What generally can you learn
about the relative digestion of different types of dietary fats?
Short Answer: As you know, animal fats generally have more saturated fatty acids, making
them solid at room temperature. Plant oils have more unsaturated fatty acids, making them
liquid at room temperature. These generalizations include some exceptions of course, such as
cocoa butter, palm oil, and coconut oil that have relatively high contents of saturated fatty
acids. Human and bovine milk are also exceptions, distinctly containing many short and
medium chain saturated fatty acids that occur less commonly in nature. Other particular
exceptions include mono-unsaturated fatty acids in meat fat, arachidonic acid (n-6 PUFA) in
meat products, and n-3 PUFAs in fish and fish oils. Despite these specific exceptions, it can be
generalized that saturated fatty acids are found in higher amounts in animal fats, and
unsaturated fatty acids are higher in sources of fat from plants.
The digestion of fats depends partly on the degree of unsaturation. Unsaturated fatty acids are
more readily absorbed than saturated fatty acids. The preferential absorption of unsaturated
fatty acids may be facilitated by more efficient emulsification and subsequent solubilization by
bile salts, more efficient gastric lipolysis and emptying, and a decreased tendency to form
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soaps. High proportions of monounsaturated oleic acid (18:1) and polyunsaturated linoleic acid
(18:2 n-6) from vegetable oil triacylglycerols are absorbed (>90%). In contrast, absorption of
the saturated fatty acids myristic acid (14:0), palmitic acid (16:0), and stearic acid (18:0) is lower
and decreases with increasing fatty acid chain length. In addition to the degree of unsaturation,
fat absorption is modulated by the chain length of the fatty acids. The ratio of short-chain fatty
acids to long-chain fatty acids, and the position of the long-chain fatty acid in the glycerol
molecule offers a range of energy availability. For example, as the ratio of short to long chain
fatty acids is increased from 0.9 to 1.2 to 1.9, available energy increases from 16.7 to 18.4 to
19.7 kJ/g (4.0 to 4.4 to 4.7 kcal/g), respectively. All in all, long-chain fatty acids are less
digestible than short-chain fatty acids, and saturated fatty acids are less digestible than
unsaturated fatty acids.
Fats and oils containing relatively high concentrations of saturated long-chain fatty acids have
impaired absorption because of the low hydrophilic and high melting characteristics of
saturated fatty acids that prevents them from being easily absorbed, and increases their
likelihood of binding with cations such as calcium to form soaps in the small intestine. The
longer the chain, the more absorption will be impaired.
The location of the saturated fatty acids is also important. Saturated fatty acids located in the
sn-1 and sn-3 positions on the triglyceride (located externally) are poorly absorbed, commonly
forming soaps. While saturated fatty acids at the sn-2 position are formed into 2monoglycerides that are water-soluble and are readily absorbed. For this reason, palmitic acid
located at the sn-2 position in human milk triglycerides is well absorbed. The saturated fatty
acids in formula milks that are derived from the originating vegetable oils are largely esterified
at the outer sn-1,3 positions of the triglyceride. Therefore, infants fed formula milks with
palmitic acid esterified at the sn-1 and sn-3 positions may be more likely to excrete more soaps
and pass firmer stools than breast-fed infants that ingest human milk with palmitic acid
esterified at sn-2. Again, predominantly sn-2 monoacylglycerides are absorbed and the fatty
acids are preserved in this position during the absorption process. Typical natural fats and oils
with LCSFAs in the sn-1 and sn-3 positions of triglycerides [decreasing their digestibility] are
cocoa butter, Borneo tallow, and shea butter (all with high concentrations of stearic acid);
peanut oil, in which fatty acids 20:0 to 24:0 represent 15% of the fatty acids in the sn-3 position;
and [bovine] milk fat, in which 65% of the total palmitic acid esterifies the sn-1 and sn-3
positions of the triglycerides. Triglycerides with MCFA’s at the sn-1 and sn-3 positions, and
essential fatty acids or long-chain PUFAs in the sn-2 position can be absorbed well.
The oxidation of the fatty acids in various fat sources may differ according to whether or not
the fatty acids are absorbed into portal or lymphatic circulation. With increasing the chain
length of saturated fatty acids, an increasing proportion is absorbed into the lymphatic pathway
and a decreasing proportion is absorbed by way of the portal venous blood. However, there is
some limited evidence that a substantial amount (over 50%) of infused linoleic and linolenic
acids bypass the lymphatic pathway, which you would not expect with their longer chain
lengths. Regardless, medium chain triglycerides are readily absorbed into portal circulation and
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are oxidized more rapidly than long-chain fatty acids. However, the energy content of mediumchain triglycerides is about 16% lower than that of long-chain triglycerides. Therefore, mediumchain triglycerides do not necessarily provide increased energy supply in the long-term, except
perhaps in infants who have digestive systems that are not fully developed, and in individuals
with fat malabsorption.
The digestion of different sources of fat of different physical characteristics, levels of
unsaturation, chain length, and triglyceride structures, result in varying postprandial responses.
The details are below, under “vegetable oil vs. butter” and “corn oil vs. cocoa butter.” In
general, butter results in a decreased chylomicron size (less fatty acids to make triglycerides-many absorbed via portal route), decreased numbers of chylomicrons, and decreased
postprandial lipemia overall compared to vegetable oil (specifically olive & sunflower oil).
Triglyceride-rich lipoproteins actually decrease in number and increase in size with olive oil
versus butter and walnut oil. Overall, olive oil has steep slopes at both sides of the postprandial
curve, theoretically indicative of faster digestion and absorption. Finally, as one would expect,
in another comparison between cocoa butter and corn oil, cocoa butter was found to be
significantly less digestible than corn oil, most likely due to the large amounts of long-chain
saturated fatty acids present at the sn-1 and sn-3 positions on the triglyceride.
Different Fatty Acid Compositions of Plant Oils and Solid Animal Fats
“Large differences exist in the fatty acid composition of oils from both plant and animal sources.
SCFA’s (4C’s) and MCFA’s (6-12 C’s) are found in vegetable oils and dairy fat, whereas fish oils
and certain plants contain fatty acids of the n-3 family...Monounsaturated fatty acids are found
in plant oils, although meat fats also contain moderate amounts.” (Shils, Maurice Edward et. al.
p. 95).
“As a rule, n-6 PUFAs are found in vegetable fats and not in meat products, except in the case
of C20:4n-6 (Arachidonic Acid).” (Shils, Maurice Edwards et. al.).
Physical Characteristics of Fat (Solid vs. Liquid) & Gastric Emptying & Digestibility
“Solid fats emptied about as rapidly as oils in the first hour; but more slowly thereafter.”
(Meyer, J.H. et. al.).
“After consumption, high-fat foods are warmed to body temperature and may be converted
from a semisolid or solid consistency to a liquid phase...however....solid and liquid fats empty at
similar rates in the first hour after ingestion; thereafter, solid high-fat foods empty more
slowly...Liquid lipids adhere to solid food particles and are emptied at the rate of digestible
solids.” (Yamada, Tadataka).
Length of Carbon Chain, Degree of Unsaturation of Fatty Acids, & Stereospecificity of Fatty
Acids on Triglyceride (ie. Where They Are Located On A Triglyceride) All Affect Digestibility
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“Unsaturated fatty acids are more readily absorbed than saturated fatty acids. The preferential
absorption of unsaturated fatty acids may be facilitated by better solubilization by bile salts,
greater gastric lypolysis, preferential binding to intracellular fatty acid-binding protein (type of
fatty acid carrier protein), and subsequent re-esterification or a decreased tendency to form
soaps.” (Duggan, Christopher et. al. p. 59).
“Fat absorption is modulated by the chain length and degree of unsaturation of the fatty
acids...High proportions of monounsaturated oleic acid (18:1) and polyunsaturated linoleic acid
(18:2 n-6) from vegetable oil triacylglycerols are absorbed (>90%). In contrast, absorption of
the saturated fatty acids myristic acid (14:0), palmitic acid (16:0), and stearic acid (18:0) is lower
and decreases with increasing fatty acid chain length.” (Duggan, Christopher et. al. p. 59).
“In general, long-chain fatty acids are less digestible than short-chain fatty acids, and saturated
fatty acids are less digestible than unsaturated fatty acids.” (Mitchell, Diane Crisman et. al.
p.983).
“Absorption of saturated fatty acids depends on the position of the fatty acid in the
triacylglycerol molecule. In human milk, palmitic acid is the predominating saturated fatty acid.
Most human milk palmitic acid is present at the sn-2 position of the triglyceride molecule.
Formula milk contains smaller quantities of palmitic acid compared to human milk, but the
saturated fatty acids from the originating vegetable oils are largely esterified at the outer sn-1,3
positions of the triacylglycerol molecule. The lipolytic enzymes gastric and colipase-dependent
lipases cleave fatty acids preferentially in the sn-1 and sn-3 positions. Whereas 2monoglyceride of palmitic acid is readily absorbed (water soluble), free palmitic acid and
palmitic acid in the sn-1 and sn-3 positions are not (binds to cations-->soap formation).
Therefore, infants fed formula milks with palmitic acid esterified at the sn-1 and sn-3 positions
may be more likely to excrete more soaps and pass firmer stools than breast-fed infants that
ingest human milk with palmitic acid esterified at sn-2.” (Duggan, Christopher et. al. pp. 59-60).
“The absorption of saturated fatty acids has been shown to be stereotype-dependent
(structurally dependent) and to be reduced when they occupy, as in cocoa butter, the terminal
position of triglycerides (sn-1 and sn-3).” (Shahkhalili, Y p. 120).
“Soaps result from binding of free fatty acids released by lypolysis of triglycerides from the sn-1
and sn-3 positions and calcium, resulting in reduced fat and mineral absorption. Predominantly
sn-2 monoacylglycerides are absorbed and the fatty acids are preserved in this position during
the absorption process. In contrast, fatty acids originating from the sn-1,3 positions are
randomly re-esterified during t.g. resynthesis via monoacylglycerol pathway. Following
reassembly, the t.g.’s are secreted as components of chylomicrons.” (Duggan, Christopher et.
al. p. 60).
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“It is known that long-chain saturated fatty acids form calcium soaps that are 10-20 times less
soluble than the calcium salts of unsaturated fatty acids.” (Shahkhalili, Y p. 124).
“Long-chain saturated fatty acids such as 16:0 are not well absorbed from the lumen as FFA,
because of its melting point substantially above body temperatures and because of a strong
tendency to form insoluble calcium soap with divalent cations at the alkaline pH of the small
intestine.” (Ramirez, M. et. al.).
“Lower digestibility of bovine milk fat compared with that of human milk is related to the
different position of palmitic acid in both fats.” (Bracco, Umberto et. al.).
“Cocoa butter and fats with stearic acid of the stearic-oleic-stearic acid type with long-chain
saturated fatty acids almost exclusively at the sn-1 and sn-3 positions showed impaired
absorption and therefore a neutral effect on serum lipid in humans despite saturation and
chain length...The absorption of saturated fatty acids depends on their position: the low
absorption of stearic acid in the fat mixture we examined is explained by its low proportion in
the sn-2 position of the triglyceride.” (Bracco, Umberto et. al.).
“Thus, in stearic acid rich structures, total fat absorption is adversely affected by the total longchain saturated fatty acids present and correlates directly with their concentration in the sn-2
position of the triglycerides.” (Bracco, Umberto et. al).
“Triglycerides with MCFA’s at the sn-1 and sn-3 positions and essential fatty acids or long-chain
PUFAs in the sn-2 position can be absorbed well, [and better than triglycerides with long-chain
saturated fatty acids in the sn-1 and sn-3 positions.]” (Ramirez, M. et. al).
“Lard has a similar total amount of palmitic acid and contains approximately 80% of it in the sn2 position, which explains the high absorption rate.” (Bracco, Umberto). **Note: Palmitic acid
is also in the sn-2 position in human milk, increasing its absorption, which is critical to infant
growth and development.**
“Fats and oils containing relatively high concentrations of saturated long-chain fatty acids,
where low hydrophilic and high melting characteristics impair their absorption...Fats with
similar concentrations of particular fatty acids may have different absorbability because of the
different location of fatty acids in the triglyceride...We conclude that saturated triglycerides and
structured triglycerides with external positions esterified with long-chain saturated fatty acids
slow impaired absorption rates.” (Bracco, Umberto).
“Nabisco has filed patents covering the production of reduced-energy triglycerides derived
from glycerol esterified with saturated long-chain fatty acids in the sn-1 and sn-3 positions and
short-chain fatty acids in the sn-2 positions...The ratio of short-chain fatty acids to long-chain
fatty acids, and the position of the long-chain fatty acid in the glycerol molecule offers a range
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of energy availability. For example, as the ratio of short to long chain fatty acids is increased
from 0.9 to 1.2 to 1.9, available energy increases from 16.7 to 18.4 to 19.7 kJ/g (4.0 to 4.4 to 4.7
kcal/g), respectively.” (Bracco, Umberto).
“Typical natural fats and oils with LCSFAs in the sn-1 and sn-3 positions of triglycerides
[decreasing their digestibility] are cocoa butter, Borneo tallow, and shea butter (all with high
concentrations of stearic acid); peanut oil, in which fatty acids 20:0 to 24:0 represent 15% of
the fatty acids in the sn-3 position; and [bovine] milk fat, in which 65% of the total palmitic acid
esterifies the sn-1 and sn-3 positions of the triglycerides.” (Bracco, Umberto et. al. p. 1007S).
{Cocoa butter is a special case in which mono-unsaturation is in the sn-2 position and only
saturated chains esterified in the external primary positions (sn-1 and sn-3).} --where they are
poorly absorbed! (summarized from Bracco p. 1007S).
Butter has a profile that includes many short and medium chain fatty saturated fatty acids.
These are absorbed well. Palmitic acid (16:0) is also absorbed well, as you can see from the
34.6 value under 2-MG. Stearic is not, and oleic is due to its occasional presence at the sn-2
position.
When we look at cocoa butter, we see that there are high amounts of palmitic and stearic acids
present in the fatty acid composition. However, when you look under the 2-MG column, you
see that both of these fatty acids are in low amounts in the form of 2-MG. In simple terms, this
is indicative of the low absorbability of the stearic and palmitic acids in cocoa butter. This is
due to their presence in the sn-1 and sn-3 positions on a triglyceride, where they are poorly
absorbed.
Not surprisingly, olive oil has extremely high amounts of oleic acid, and these are wellabsorbed, appearing in the 2-MG form, since they usually are located in the sn-2 position.
Soybean oil has high oleic (18:1) and linoleic (18:2) which are both absorbed extremely well.
Portal or Lymph Transport?
**Key concept: chylomicrons => lymph ; unesterified fatty acids => portal system (quick
energy).
Depends upon:
• Length of chain
• Level of unsaturation
• Triglyceride Structure
“Medium-chain triglycerides may be incorporated into mucosal cells and hydrolyzed. Liberated
medium-chain fatty acids are then transported bound to albumin predominantly via the portal
system. However, the separation of medium-chain fatty acids to be transported as
unesterified, albumin-bound fatty acids via the portal venous route, and of fatty acids of carbon
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chain length of 14 and longer to be transported in chylomicron triglycerides via the lymph is not
complete. Physiologically significant amounts of saturated and unsaturated fatty acids including
linoleic acid (18:2 n-6) and alpha-linolenic acid (18:3 n-3) are transported via the portal
pathway, while medium-chain fatty acids are found in chylomicron-triglycerides.” (Duggan,
Christopher et. al. p. 60).
“With increasing the chain length of saturated fatty acids, an increasing proportion is absorbed
into the lymphatic pathway and a decreasing proportion is absorbed by way of the portal
venous blood. There is some limited evidence that a substantial amount (over 50%) of infused
linoleic and linolenic acids bypass the lymphatic pathway.” (Ramirez M. et. al. S95-S101).
“Medium-chain triglycerides contain predominantly saturated fatty acids with 8 and 10
carbons. Medium chain triglycerides have high water solubility and are rapidly cleaved by
lipases and readily absorbed even in the presence of low amounts of intra-luminal bile salts and
pancreatic lipases. Medium-chain triglycerides take a rapid portal venous transport of the
albumin-bound medium-chain fatty acids to the liver, carnitine-independent transport into the
mitochondria, and subsequent oxidation that is more rapid than long-chain fatty acids.
However, the energy content of medium-chain triglycerides is about 16% lower than that of
long-chain triglycerides. Therefore, a benefit of providing medium-chain rather than long-chain
triglycerides with respect to increased energy absorption and supply can only be expected in
subjects with a very severe degree of mal-assimilation...whereas, most patients will not achieve
an enhanced energy absorption with the use of medium-chain triglycerides.” (Duggan,
Christopher et. al. p. 60).
Specific Comparisons of Fat Sources
Vegetable/Nut Oils vs. Butter
Butter is a water-in-oil emulsion that is not as suitable for gut lipases that act at the aqueous
interface of the lipid droplet surface...coarsely emulsified vegetable oils are expected to provide
triglycerides in a more physiochemical state. The unemulsified long-chain saturated fatty acids
can have markedly reduced postprandial appearance. In particular, the lower availability of
long-chain saturated fatty acids at sn-1 due to the formation of insoluble calcium soap
complexes in the intestinal lumen. Thus, a slow and poor emulsification of butter fat associated
with a possible delayed gastric emptying could explain the differences between the
postprandial response to butter versus olive oil. These differences include a significant
decrease in the chylomicron size with a butter meal versus the two vegetable oil meals. This
decrease may be due to the fact that butter contains 20% short and medium-chain fatty acids
that are readily transported from the enterocyte basolateral membrane as complexes with
albumin via the portal route (thus bypassing the chylomicron-->lymph route typical for longer
chain fatty acids). This could explain the reduction in the postprandial lipemia and chylomicron
accumulation in the circulation with single mixed meals containing butter compared with single
mixed meals containing olive oil and sunflower oil in healthy young males. (summarized from
“Mekki, Nadia et. al”).
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“This study reveals that consumption of an olive oil rich meal leads to the formation of a
reduced number of triglyceride-rich lipoprotein particles compared with butter and walnutbased meals. Moreover, triglyceride-rich lipoprotein particle size was greater after the intake
of the olive oil meal compared with the walnut meal.” (P. Perez-Martinez et. al. 44). **Both of
these are supposedly favorable for reducing risk of cardiovascular disease.**
“Interestingly, we observed that the postprandial triglycerides and large triglyceride-rich
lipoproteins---triglyceride response of the olive oil meal, which was characterized by steeper
slopes at both sides of the postprandial response curve, could be hypothesized as faster rates
of digestion, absorption, and secretion of large triglyceride-rich lipoproteins and more efficient
processing of these particles.” (P. Perez-Martinez et. al. 44).
Corn Oil vs. Cocoa Butter:
“In cocoa butter, stearic acid is primarily in the sn-1 and sn-3 positions.” (Mitchell, Diane
Crisman et. al. 983-6).
“Cocoa butter was significantly less digestible than corn oil.” (Mitchell, Diane Crisman et. al.
986).
**Note: The decrease in digestibility of cocoa butter versus corn oil is due, at least in part, to
the presence of long-chain saturated fatty acid at the sn-1 and sn-3 positions, which when
broken off by lipases are not soluble in water and have a high melting point making them less
absorbable.

PHOSPHOLIPIDS
While saturated and monounsaturated predominate in adipose tissue, regardless of dietary
intake, there is a more even distribution of sat to mono to poly in cellular membranes. As we
suspected, cellular membranes contain a much higher proportion of long chain polyunsaturated
than are found in adipose tissue. Most human cell membranes contain somewhere between
15-35% polyunsaturated fatty acids.
The types of fatty acids in the phospholipids (phospholipids are the main lipids forming the
cellular membranes) are drastically different depending upon the tissue or organ, and cell type.
Typically, phospholipids (which contain 2 fatty acids) are composed of one saturated fatty acid
attached to the end, and one unsaturated fatty acid attached to the middle. In certain tissues,
such as the retina, both fatty acids of a phospholipid are commonly unsaturated. Phospholipids
in neuronal cell membranes are extremely rich in polyunsaturated fatty acids, whose
concentrations can be as high as 65%, again compared to the 15-35% of the fatty acids that are
PUFAs in other cells' membranes. The long chain PUFA, DHA, is particularly high in the
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membranes of the retina, brain synapses, and in sperm cells. This higher PUFA content makes
these specialized membranes particularly fluid, and may also give them enhanced elasticity so
they can easily change shape but still maintain their form. PUFA's unique bent and flexible
structure also makes them ideal for packing in alongside proteins within the membrane.
Many of the long chain fatty acids predominant in adipose tissue are also common in cellular
membranes including palmitate, stearate, oleate, and linoleate. Palmitate and stearate (both
sat fatty acids) are important constituents of cell membranes, accounting for 20-40% of total
fatty acids in most tissue phospholipids. As you might recall, these two saturated fatty acids
(palmitate and stearate) are also the most common saturated fatty acids in the human body.
Oleic acid, the dominant fatty acid in adipose, is also common in phospholipids and can also be
lengthened to longer chain monounsaturated fatty acids 20-24 carbons in length that are
common in the nervous system.
The composition of membrane lipids is less responsive to dietary intake than the storage lipids
in adipose tissue. This is largely due to the need to tightly regulate the membrane's f.a.
composition in order to maintain the proper membrane fluidity for cellular function. For this
reason, saturated and monounsaturated concentrations are generally consistent, and any
variations occur within a limited range. The concentrations of PUFAs in the membrane are the
most responsive to diet, reflecting the relative ratio of omega-3 to omega-6 intake. However,
the overall PUFA concentration in cellular membranes is tightly regulated according to the cell
or tissue's needs. Too much PUFA and the membranes would be too fluid, without an ability to
maintain form. On the other hand, membranes with very high saturated fatty acids and
cholesterol would be very rigid. The cell will regulate this balance between unsaturated and
saturated fatty acids by adding or removing bonds as needed.
What is the average life of phospholipids?
It seems there is no average. It ranges from hours to days, and even weeks to months
depending upon the cell type and also what part of a cell the phospholipid is located (note that
membranes are present within cells as well, such as around the mitochondria). The function of
the membrane will also determine the lifetime of a phospholipid. For instance, the
phospholipids forming the membrane of the mitochondria where oxidative metabolism is
housed, will be more subject to oxidation, and thus are replaced more quickly in order to avoid
oxidative damage to the membrane.
“The half-life of phospholipids is consequence of a constitutive recycling of membrane
phospholipids by a complex biochemical system, and it is more responsible to protect
membranes from lipid oxidative damage than selective in situ repair [159]. The phospholipids
half-life values depend on the cell type and cellular location; in the case of rat liver, an
experimental research attributes values from 22 to 36 hours for the half-life of subcellular
phospholipids [160]. According to experimental results, in rat brains the half-life of PE is 19.5

145

days taking into account the whole brain and 11.5 and 14.5 days considering only neurons and
glial cells, respectively [161]. The diversity of turnovers for phospholipids increases if we take
into account only molecular parts of them such as their fatty acyl chains…In the n-3 PUFA
adequate rat brains, docosahexaenoic acid (DHA) has half-lives equal to 33 days in total brain
phospholipid, and this time is prolonged by 15 weeks of nutritional deprivation of n-3 PUFA
[162].” (Solis-Calero, C. et. al.).
“All membrane components are recycled many times during the life of the cell. The lifetime of
the phospholipids depends on the intensity of function of the membrane. For example, the
lifetime of phosphatidylcholine in a myelin membrane is 2 months, while in a mitochondria
membrane where extensive oxidative processes take place, the lifetime is only 2 weeks.”
(Bartlett, Philip, ed. p. 94).
“The half-life of phospholipids in humans is a matter of hours to days in most tissues.”
(Hargrove, J.L. p. 84).
“Phospholipids are found in every cell as constituents of membranes. They are synthesized
from glycerol and two fatty acids, sharing a common anabolic....The composition of fatty acids
in phospholipids and triacylglycerols is generally distinct; phospholipids usually contain a high
proportion of polyunsaturated fatty acids, while triacylglycerol usually contains high
proportions of saturated and monounsaturated fatty acids (Nelson 1962; Delgado et al. 1994;
Price and Guglielmo 2009).” (Price, E.R.; Valencak, T.G.).
“Applying the classical physiological conformer-regulator paradigm to quantify the influence of
dietary fats on membrane lipid composition (i.e. where the membrane variable is plotted
against the same variable in the environment – in this case dietary fats), membrane lipid
composition appears as a predominantly regulated parameter. Membranes remain relatively
constant in their saturated (SFA) and monounsaturated (MUFA) fatty acid levels over a wide
range of dietary variation for these fatty acids. Membrane composition was found to be more
responsive to n-6 and n-3 polyunsaturated fatty acid (PUFA) levels in the diet and most
sensitive to n-3 PUFA and to the n-3/n-6 ratio. These differential responses are probably due to
the fact that both n-6 and n-3 PUFA classes cannot be synthesized de novo by higher animals.
Diet-induced modifications in membrane lipid composition are associated with changes in the
rates of membrane-linked cellular processes that are major contributors to energy
metabolism.”(Hulbert, A.J.; Turner, N.; Storlien, L.H.; Else, P.L.).
“Membrane n-3/n-6 ratio is strongly influenced by diet. In both liver and heart plasma
membrane preparations there is an approximately 25% membrane response to 100% variation
in diet n-3/n-6 ratio. In synaptosomal membranes there was almost complete (88%) conformity
whilst in myelin membrane lipids the change in n-3/n-6 ratio was greater than the dietary
change. These results emphasize the importance of the relative balance in n-3 PUFAs and n-6
PUFAs in the diet for membrane lipid composition and the potential importance of this dietary
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ratio on membrane function...These data suggest that membranes are both ‘regulator’ and
‘conformer’, that membrane fatty acid composition is predominantly a regulated parameter but
that it also partly conforms to (i.e. is strongly influenced by) some aspects of dietary fat
composition. The results of the analyses show that although membrane fatty acid composition
does change in response to alterations in the fatty acid profile of the diet, these changes are
generally much smaller than are the changes in the diet...They suggest a reasonable degree of
regulation of the fatty acid composition of membrane bilayers but that the most influential
component of dietary fat composition is the relative abundance of n-3 and n-6 PUFAs.”
(Hulbert, A.J.; Turner, N.; Storlien, L.H.; Else, P.L.).
“Because PUFA cannot be synthesized de novo by higher animals, they are essential
components of the diet. They are only required in small amounts, and in nature, because
animals eat other organisms (or their products) they are almost always present in the diet.
Another source of PUFA will be their biosynthesis by gut microorganisms. It is however possible
to vary availability of different types of fats in laboratory diets. When this has been done in rats,
membrane fatty acid composition shows a degree of homeostasis that resists dietary alteration
(see Ref. 165). For example, if fed a diet devoid of PUFA, mammals will synthesize an unusual
PUFA, mead acid (20:3 n-9) and accumulate it, together with more than normal amounts of
MUFA in their membranes. However, with extreme manipulation of dietary fat composition, it
is possible to effect small changes in membrane fat composition.” (Hulbert, A.J.; Pamplona,
Reinald; Buffenstein, Rochelle; Buttemer, W.A.).
“A low PUFA content in cellular membranes (and particularly in the inner mitochondrial
membrane) will be advantageous in decreasing the sensitivity of the membrane to lipid
peroxidation and would consequently also protect other molecules against lipoxidation-derived
damage. To clarify whether the low membrane PUFA content can protect mitochondria from
lipid oxidation and lipoxidation-derived protein modification, experimental dietary modification
of in vivo membrane fatty acid composition in rats has been performed. These studies partially
circumvent the homeostatic system controlling membrane composition and demonstrate that
altering the fatty acid composition of cellular membranes does indeed protect postmitotic
tissues against lipid peroxidation and lipoxidation-derived macromolecular damage (140, 273,
290).” (Hulbert, A.J.; Pamplona, Reinald; Buffenstein, Rochelle; Buttemer, W.A.).
“The fatty acid composition of membrane lipids is influenced (see above) by the dietary fatty
acid profile and there is now considerable evidence linking obesity and insulin resistance to the
fatty acid composition of membrane phospholipids (Borkman et al., 1993; Vessby, Tengblad &
Lithell, 1994; Pan et al., 1995). Most of these experimental studies have been carried out in
skeletal muscle, the major tissue for insulin-stimulated glucose disposal. They show that a
decreased level of unsaturation of skeletal muscle phospholipids relates directly to impaired
insulin action, and to various measures of increased regional and total adiposity. Conversely,
PUFAs in phospholipids, and particularly the highly unsaturated n-3 PUFA class, convey
protection against both insulin-resistance and development of obesity and type 2
diabetes...Large-scale population studies have shown persistent negative correlations between
147

fish consumption (high n-3 PUFA consumption) and depression (Hibbeln, 1998; Tanskanen,
2001; Tanskanen et al., 2001; Silvers & Scott, 2002). Low n-3 PUFA levels and low n-3/n-6 ratios
in plasma have been associated with depressive disorders (Tiemeier et al., 2003) and numerous
studies have reported lower levels of n-3 and n-6 PUFAs in membrane phospholipids of people
suffering depression and schizophrenia” (Hulbert, A.J.; Pamplona, Reinald; Buffenstein,
Rochelle; Buttemer, W.A.).
Side Note: “Considerable data based on millions of records confirm that humans are extremely
long-living mammals, both for our size and in absolute terms (see Fig. 10). We have an MLSP
that is four to five times longer than predicted from the allometric relationships (e.g., Fig. 5B;
see also Refs. 7, 294). For example, the similar-sized pig is recorded as having a maximum life
span of only 27 yr and sheep only 24 yr, compared with >100 years for Homo sapiens
(50)....Similarly, the low PI of human membrane phospholipids may be an important trait for
the relatively long MLSP of Homo sapiens (275). The relationship between human longevity,
membrane composition, and dietary DHA in humans may be complex and is still to be fully
elucidated. For example, humans with severe coronary atherosclerosis have erythrocyte
membranes with more PUFAs and particularly more DHA (28). Centenarians show a reduced
susceptibility to lipid peroxidation than other human subjects, yet have higher levels of DHA
(295, 329), which is associated with a decreased incidence of metabolic syndrome and
cardiovascular disease and superior insulin sensitivity (21). These data suggest that membrane
composition may possibly be involved in the extended longevity of humans, yet the precise
picture is still emerging. In this respect it may be that the DHA content of different subcellular
membranes is important. For example, it may be excluded from mitochondrial membranes of
cells to minimize lipid peroxidation, but be necessary in plasma membranes for normal insulin
sensitivity. In this respect it is of interest that the molar ratio of ethane exhalation to oxygen
consumption for humans is very low compared with the other mammals for which there are
data (see Fig. 8). As ethane is one of the end products of the peroxidation of n-3 PUFA (124)
and the rate of ethane exhalation is used as an indicator of the in vivo rate of lipid peroxidation
(178), this may indicate that relative to our metabolic rate that humans have a low rate of lipid
peroxidation. This is also consistent with the low peroxidation susceptibility calculated for our
membranes (see Fig. 7) and may be an important factor in why we are such exceptionally longliving mammals.” (Hulbert, A.J.; Pamplona, Reinald; Buffenstein, Rochelle; Buttemer, W.A.).
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Figure 5. The Main Fatty Acid Types: Saturated, Monounsaturated, Polyunsaturated, cis and trans
(Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 88)

CHYLOMICRONS
BASIC STRUCTURE
“Lipid is transported out of the intestine and in plasma in the form of lipoprotein particles. A
common feature of lipoprotein particles is their structure. The core of the spherical particle is
composed primarily of apolar components: triacylglycerol and cholesteryl ester. The surface of
the particle is composed of the more polar constituents: a phospholipid monolayer,
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apolipoproteins, and free cholesterol. Fat-soluble vitamins are sequestered in the core of the
chylomicron particle.” (Erdman, J.W.; MacDonald, I.A.; Zeisel, S.H. p. 125).
“The composition and positional distribution of fatty acids in dietary fats are important factors
of fat digestion and absorption. Gastric and pancreatic lipases hydrolyse fatty acids from the sn1 and sn-3 positions of dietary TAG yielding 2-monoacylglycerols (2-MAG) and free fatty acids
(FFA) (Small, 1991; Carriere et al, 1993). Absorption of 2-MAG and FFA into the enterocytes is
followed by re-esterification and incorporation of TAG in chylomicrons. The absorbed TAG
molecules therefore retain the fatty acids in the sn-2 position as in the dietary TAG, whereas
the fatty acids in the sn-1 and sn-3 positions are randomised and partly substituted by
endogenous fatty acids (Mattson & Volpenhein, 1964).” (Bysted, A.).
“It has been demonstrated in previous studies that there is substantial conservation of the fatty
acid at the sn-2 position of the ingested TAG in the chylomicron-TAG after digestion (30–32).
This was essential for our study and our results clearly confirmed it.” (Summers, L.K.M. et. al.
1999 p. 1896).
“When dietary TAG is ingested it is acted on by pancreatic lipase in the small intestine to form a
2-MAG and two fatty acids. These are then taken up into the intestinal cells where chylomicron
TAG is manufactured....It has been shown that at least 85 % of the fatty acid at the sn-2 position
of dietary TAG is conserved at the sn-2 position of chylomicron TAG following ingestion and
absorption in the intestine (Akesson et al. 1978; Yang & Kuksis, 1991; Pufal et al. 1995).”
(Summers, L.K.M. et. al., 1998 pp. 145-146).
“The positional distribution of FA in dietary TG determined whether FA are absorbed as 2-MG
or FFA, and hence, influences the composition of the newly formed CM because triglycerides
are resynthesized in the intestinal mucosa using 2-MG from dietary lipids. However, little
specificity is shown towards the unesterified FA that are re-esterified to the sn-1 and sn-3
positions [13].” (Ramirez, M. et. al. p. S97).
“Chylomicrons are intestinally derived lipoprotein particles formed and secreted after the
ingestion of fat. Their main function is to provide a mechanism whereby dietary triacylglycerol,
cholesterol, and other fat-soluble compounds are carried from the site of absorption (intestine)
to other parts of the body for subsequent uptake and metabolism or storage. The first step in
the formation of chylomicron particles is the resynthesis of triacylglycerol and phospholipids
from fatty acids, and glycerol, sn-2 monoacylglycerides, or lysophospholipids, respectively. This
process occurs on the smooth endoplasmic reticulum. The fatty acid composition of the
chylomicron triacylglycerol reflects the fatty acid composition of the diet (Hussain,
2000)...Chylomicron particles are the largest of all the lipoprotein subclasses...Chylomicrons are
released from enterocytes into the lymph before being channeled from the thoracic duct to the
subclavian vein...Once in circulation, the triacylglycerol component of chylomicron particles is
hydrolyzed by lipoprotein lipase...Lipoprotein lipase is synthesized in adipose tissue, heart, and
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skeletal muscle, and migrates to the capillaries where it functions to hydrolyze triglyceride...The
hydrolysis of chylomicron triacylglycerol in the circulation accounts for the delivery of fatty
acids from the gastrointestinal system to peripheral tissue for oxidation, metabolism, and
storage. Chylomicron particles depleted of the triacylglycerol component are taken up by the
liver via either the LDL receptor or LDL-receptor-like protein receptor. The components of
chylomicron particles are either used by the liver directly or are incorporated into newly
synthesized hepatically derived lipoprotein particles.” (Erdman, J.W.; MacDonald, I.A.; Zeisel,
S.H. p. 125).
“Upon entry into the enterocyte, the major site of metabolism of fatty acids will be the
endoplasmic reticulum where TAG structures are reassembled and packaged into chylomicrons.
There is substantial preservation of the fatty acid at the sn-2 position of the ingested TAG in
chylomicrons after digestion [34,41]. Stereospecific structure of the ingested TAG is also largely
preserved in chylomicrons [20]. Reassimilation of absorbed sn-2 monoacylglycerides and FFAs
occurs via the monoacylglyceride pathway, or alternately by the α-glycerophosphate pathway,
if the supply of FFAs is more than the monoacylglycerides [42,43]. The sn-2 monoacylglycerols,
being absorbed intact, will serve as a primary backbone for gut or liver phospholipid synthesis
in excessive FFA environments. Otherwise, sn-2 monoacylglycerols are rapidly esterified with
FFAs into TAGs, which are then incorporated into lymph chylomicrons. The metabolic fate of
fatty acids released from sn-1 and sn- 3 positions are different from the sn-2 monoacylglycerols.
Fatty acids from the sn-1 and sn-3 positions, with chain lengths greater than 12 carbon atoms
(long chain fatty acids or LCFAs), are reassembled into new TAG structures via the phosphatidic
acid pathway, which is slower, and which possibly lowers secretion into the circulation [34].
Additionally, LCFAs have low coefficients of absorption because their melting points are higher
than body temperature, and can form insoluble soaps with calcium....In contrast, fatty acids of
short (C4-C6) and medium (C8- C10) chain fatty acids (SCFAs and MCFAs) solubilize in intestinal
fluids and are absorbed directly into the portal system. Once in portal circulation the SCFAs and
MCFAs will form complexes with albumin and are carried to the liver for oxidation....In healthy
humans, half the fatty acids released from chylomicrons enter adipocytes, and the other half
enters the circulation [59]....The sn-2 monoacylglycerols, which are mostly PUFA or MUFA in
native fats, are absorbed intact and serve as primary backbones for gut or liver phospholipid
synthesis...Stereospecificity of most native oils and fats favor PUFA or MUFA in the sn-2
position, whilst SFAs are mainly distributed at the sn-1/3 positions.” (Karupaiah, T.; Sundram,
K.).
“FA-CoA are rapidly re-esterified in TAG in the ER before to form pre-CM then CM in the Golgi
apparatus.” (Niot, I. et. al.).
“In natural TG molecules, LC-PUFA are usually bound at the 2-position (sn−2), while two other
mid-chain or short-chain FA are bound in the 1- and 3- positions (sn−1/3).” (Schuchardt, J.P.;
Hahn, A. p. 2).
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“After the fatty acids and 2-monoacylglycerol are absorbed into the enterocyte, the 2monoacylglycerol is reacylated by one enzyme, monoacylglycerol transferase (50), to both 1,2diacyl-sn-glycerols and 2,3-diacyl-sn-glycerols ( 1 1). The preference appears to be for the 1
position which produces about 3 times as much 1,2- as 2,3-diacyl-sn-glycerol (80). The activated
fatty acids (fatty acyl-CoAs) (2, 11) used for the acylation seem to be similar for either the 1
position or the 3 position. Thus, apparently equivalent utilization of fatty acids in the
diacylglycerols leads to the formation of optical isomers. The activated fatty acid pool used in
the reacylation can come from the newly synthesized pool of fatty acids in the cell and from
fatty acids absorbed from the lumen as a result of bile phospholipid and fat digestion. The
newly formed 1,2- and 2,3-diacyl-sn-glycerols are acylated by diglyceride acyl transferase to
produce triacylglycerols. Since acyl migration is probably slow at 37°C (55), the newly
synthesized mucosal triacylglycerols largely retain the original fatty acid in the 2 position.
However, the fatty acids in the 1 and 3 positions tend towards a random selection of activated
fatty acids in the intestinal mucosa. While it is generally accepted that fatty acids less than 12
carbons are transported in the free form into the portal vein, if the fatty acid in the 2 position
was originally a shorter chain fatty acid such as capric (C- 10: 0), it is at least partly carried
through the reacylation process and secreted into the lymph lipids as a triglyceride with a
medium or short chain in the 2
position (11). The reacylation of 2-monoacylglycerols appears to be the predominant pathway
utilized during active fat absorption. The utilization of free glycerol through the 3glycerolphosphate path is important when the flux of monoacylglycerols through the gut is
minimal. Generally the activated fatty acid pool used to acylate 3-glycerolphosphate to form
the 1,2-diacyl-sn-glycerol phosphate tends to put unsaturated fatty acids at the 2 position,
especially linoleate(18:2) and arachidonate (20: 4), and a saturated fatty acid at the 1 position.
This is the predominant path for synthesizing chylomicron phospholipids. De-phosphorylation
and reacylation at the 3 position produce triacylglycerols. Triacylglycerols generated by this
mechanism generally do not maintain the original 2 position as it was in the diet. However,
during fat absorption the monoglyceride path predominates in the formation of triacylglycerols
(11).” (Small, D.M.).
“Ionized FFA and 2-MG enter into bile micelles, to form with phospholipids, mixed micelles
which help apolar lipids to go through the unstirred water layer and reach the microvillous
membrane where they are absorbed. Absorbed lipids are re-esterified to newly form TG and PL
in the smooth endoplasmic reticulum....Triglycerides, PL, cholesterol and apoproteins are used
to synthesize chylomicroms (CM), which are secreted to the lymph, and then to the general
blood stream through the thoracic duct. In the peripheric tissues, they are cleaved by
lipoprotein lipase losing TG and giving CM remnant.” (Ramirez, M. et. al. pp. S96-S97).

CHYLOMICRON PROCESSING
“Every day our body processes an amount of fat equivalent to almost one half cup. In the
intestine, dietary triglycerides (TG)3 are first hydrolyzed into fatty acids and monoglycerides

153

that, together with bile acids, form into micelles in the intestinal lumen. After being taken up by
enterocytes, fatty acids are re-esterified into TG and secreted as part of chylomicrons, initially
in the intestinal lymph vessels and from there in the bloodstream. The increase in circulating
chylomicrons after a meal gives rise to the postprandial peak in plasma TG. The time course and
magnitude of the plasma TG peak may differ among individuals and is increased in obese and
diabetic individuals, giving rise to postprandial lipemia. Plasma chylomicrons undergo rapid
lipolytic processing via the action of lipoprotein lipase (LPL) anchored to the capillary
endothelium, leading to the release of fatty acids and their subsequent uptake by the
underlying tissue (1).” (Georgiadi, A.; Kersten, S.).
“Triacylglycerol (or triglyceride) is a concentrated form in which to store energy. Triacylglycerol
circulates in the plasma in lipoproteins and is also present as lipid droplets within cells....Dietary
fat enters the plasma from the small intestine in the form of chylomicron-triacylglycerol....They
[chylomicrons] deliver triacylglycerol-fatty acids to tissues expressing the enzyme LPL
(lipoprotein lipase), an enzyme bound to the endothelial cells lining capillaries of a number of
tissues including adipose tissue, skeletal and cardiac muscle...The remaining ‘remnant’ particles
(that have lost perhaps two-thirds of their triacylglycerol) are mainly taken up by the
liver....Adipose tissue takes up fatty acids via the action of LPL. It releases fatty acids by the
hydrolysis (lipolysis) of stored (intracellular) triacylglycerol, by the action of the enzyme known
as HSL (hormone-sensitive lipase) and other lipases, to liberate NEFA (non-esterified fatty acids)
into the plasma. Plasma NEFA circulate bound to albumin. The turnover of plasma NEFA is also
rapid, with a half-life of 4–5 min. The liver takes up fatty acids in various forms and liberates
triacylglycerol-fatty acids as VLDL (very-low-density lipoprotein) particles. In this scenario,
skeletal and heart muscle (and other oxidative tissues not considered here) are the only pure
consumers, taking up fatty acids either from lipoprotein-triacylglycerol or from the plasma
NEFA pool and using them ultimately for oxidation.” (Frayn, K.N.; Arner, P.; Yki-Jarvinen, H.).
“LPL (lipoprotein lipase) acts via binding to the triacylglycerol-rich lipoprotein particles,
chylomicrons (carrying dietary fat) and VLDL (secreted from the liver). It hydrolyses the
triacylglycerol to liberate fatty acids, that can be taken up by the adipocyte (or muscle cell) and
esterified to form new triacylglycerol. In skeletal or cardiac muscle, these fatty acids might also
be a substrate for oxidation.” (Frayn, K.N.; Arner, P.; Yki-Jarvinen, H.).
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(Frayn, K.N.; Arner, P.; Yki-Jarvinen, H.).
“In the postprandial period LPL hydrolyses chylomicron TAG to release fatty acids. The fatty
acids at the sn-1 and -3 positions are the first to be released. The fatty acid at the sn-2 position
has to isomerize to the sn-1 or -3 position in order to be hydrolysed, or there may be uptake of
the resulting 2-monoacylglycerol (MAG; Braun & Severson, 1992). Whichever occurs, there
appears to be no net production of plasma MAG during rapid LPL action in human adipose
tissue in vivo (Fielding et al. 1995).” (Summers, L.K.M. et. al. 1998 pp. 141-142).
“LPL acts on circulating lipoprotein-triacylglycerol and generates fatty acids in the local area
close to the endothelium. Chylomicrons are the preferred substrate for adipose tissue LPL.
Chylomicron-triacylglycerol is hydrolysed considerably more rapidly than VLDL-triacylglycerol.
Nevertheless, both substrates may contribute fatty acid under appropriate circumstances. The
fatty acids released by LPL migrate across the endothelial wall and into the underlying
adipocytes. The mechanisms involved in this process are not clear, although there is increasing
evidence for the involvement of specific fatty acids transporters including FAT (fatty acid
translocase, also known as CD36) in facilitating fatty acid movement across the adipocyte cell
membrane. There is also non-regulated diffusion through the cell membrane. Within the
adipocyte, fatty acids are ‘activated’ by esterification to CoA in an ATP-requiring process that
seems to be intimately linked to fatty acid transport into the cell, at least when mediated by a
member of the FATP (fatty acid transport protein) family (FATP1) [5].” (Frayn, K.N.; Arner, P.;
Yki-Jarvinen, H.).
“After the synthesis and secretion of chylomicron-TAG, a key event in its metabolic processing
is the action of lipoprotein lipase (LPL) in the capillaries of tissues including adipose tissue,
skeletal muscle, and myocardium. LPL releases fatty acids, which may be taken up by the
adjacent tissue. The action of LPL is specific for the sn-1(3) ester bonds in a TAG molecule, and,
in vitro, 2-monoacylglycerol (MAG) will accumulate during LPL action (4). We have shown
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previously that no MAG is released into venous plasma during high rates of LPL action in
subcutaneous adipose tissue in vivo (5, 6), but it is not clear whether that reflects complete
hydrolysis of TAG or perhaps tissue uptake of MAG. There is also some evidence of poor
hydrolysis by LPL of saturated chains esterified in the sn-2 position in TAG (7, 8), raising the
question of whether the initial removal of fatty acids from chylomicron-TAG might be fatty acidspecific. After the hydrolysis of chylomicron-TAG by LPL in adipose tissue, there appears to be
regulation of the fate of the fatty acids liberated: uptake and esterification by adipocytes or
release into venous plasma as non-esterified fatty acids (NEFA).” (Summers, L.K.M. et. al. 1999
pp. 1890-1891).
“...even during relatively high rates of LPL action on chylomicron-TAG in vivo, there is no net
liberation of MAG into the plasma. This contrasts strongly with findings showing accumulation
of MAG during the action of LPL in vitro (4) or in vivo after displacement of LPL by heparin (27).
The findings suggest that LPL may operate in vivo in a highly structured environment in which
lipoprotein particles are anchored for sufficient time for isomerization of 2-MAG to 1(3)-MAG
and thus complete hydrolysis. Clearly this occurs even when stearic acid is esterified at the sn-2
position. The only alternative explanation would be that 2- MAG is taken up by the tissue.
However, the findings with regard to release of individual fatty acids (discussed below) do not
bear this out.” (Summers, L.K.M. et. al. 1999 pp. 1896 -1897).
“Some of the fatty acid and monoglyceride are probably returned to the liver through transport
on albumin where they are utilized for energy or lipid synthesis. The rest of the fatty acid and
monoglyceride that leave the chylomicron enter the capillary bed and its surrounding tissues to
be reesterified to triacylglycerols or phospholipids. If the monoacylglycerol pathway is active in
adipose tissue or other tissues where triacylglycerols are stored, the original sn-2 position
should be retained. However, it is more likely that monoacylglycerols are hydrolyzed and a
different distribution of fatty acids occurs in adipose tissue triacylglycerols. Thus animals such
as pigs that eat a diet with a high polyunsaturated fatty acid in the 2 position of the diet
triacylglycerol make depot fat with
palmitate in the 2 position and linoleate in the 3 position (see Table 1).” (Small, D.M.).

The Breakdown of Chylomicrons depends upon their Fatty Acid Composition:
“Fatty acids from chylomicron triacylglycerols derived from different dietary sources are not
removed from the circulation at the same rate (Botham et al. 1997, Levy et al. 1991), indicating
that the initial fatty acid profile and triacylglycerol structure may influence the degradation by
lipoprotein lipase of chylomicron triacylglycerols and thereby the postprandial clearance of
triacylglycerols...The subsequent fate of the synthesized chylomicrons is also highly dependent
on the absorbed fats. Botham et al. (1997) examined the in vitro hydrolysis by lipoprotein lipase
of chylomicrons derived from palm, olive, corn and fish oils. Chylomicrons derived from corn oil
were hydrolyzed most rapidly and those from palm oil most slowly. The clearance of
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chylomicrons was investigated by Levy et al. (1991) in rats fed diets rich in safflower oil,
coconut oil or medium-chain triacylglycerols. Chylomicrons derived from safflower oil–fed rats
were cleared more rapidly than the others; furthermore, safflower oil feeding led to increased
adipose tissue lipoprotein lipase activity. In a study by Christensen et al. (1995b), it was shown
that the metabolism of chylomicrons was affected by the intramolecular structure of the
triacylglycerols after feeding different oils rich in (n-3) long-chain PUFA. This indicates that the
absorption as well as the systemic clearance are dependent on the fatty acid profile and
intramolecular distribution of fatty acids in the dietary fats.” (Porsgaard, Trine; Hoy, Carl-Erik).
“Once LCFAs have entered the cell they are activated by acyl-CoA and are re-esterified with
glycerol back into TAG and phospholipids....Plasma lipoproteins are a family of spherical,
macromolecular complexes of lipid and protein, the principal function of which is to transport
endogenous lipids (synthesized in the liver) and exogenous lipids (synthesized in the gut from
dietary fats) from these sites of production and absorption to peripheral sites of utilization (e.g.
oxidation in muscle, incorporation in membranes, or as precursors of biologically active
metabolites) and storage (e.g. adipose tissue). In the small intestine, the newly re-esterified
TAGs and CEs associate with specific amphipathic proteins and phospholipids in the enterocyte
to form the largest and most TAG-rich lipoproteins, known as chylomicrons....the chylomicrons
eventually leave the enterocyte...into the lymphatic vessels....The size and composition of the
chylomicrons produced after a fatty meal are determined by the fat content of the meal.
Hence, the nature of fatty acids in chylomicron TAG reflects the nature of fatty acid in the
meal....in response to an increased flux of dietary fat...the enterocyte incorporates more TAG
into each chylomicron to facilitate the transport of larger amounts of absorbed dietary fat.
There is evidence to suggest that chylomicrons containing lipids enriched with polyunsaturated
fatty acids (PUFAs) are larger than chylomicrons enriched with saturated fat, since the former
occupy more space when packaged into a lipoprotein. This has implications for the subsequent
metabolism and fate of these lipoproteins in the circulation, since TAGs associated with larger
chylomicrons are known to be hydrolyzed more rapidly....reesterification of TAG in the
enterocyte and lipoprotein assembly alone takes about 15 min....” (Gibney, M.J.; Lanham-New,
S.A.; Aedin, C.; Hester, V.H. p. 96-97).
“Post-prandial triacylglycerolemia results not only from the TAG-rich lipoprotein secretion but
also from their subsequent blood clearance by endothelial LPL. CM size and number are known
to affect LPL activity and, hence, blood TAG clearance. A small number of large CM are more
rapidly cleared by LPL than a large number of small CM [192–194].” (Niot, I. et. al.).
“The fatty acid composition of a chylomicron particle has been shown to be an important
determinant of its metabolism in the circulation. Unsaturated fatty acids, especially PUFAs,
were shown to increase the size of chylomicron particles compared with those from a test meal
containing SFAs (5, 26). After their release into the circulation, large triacylglycerol-rich
chylomicrons are preferentially hydrolyzed by lipoprotein lipase (EC 3.1.1.34), and removal of
70–90% of the triacylglycerol produces a cholesterol ester–rich particle termed a chylomicron
remnant.” (Jackson, K.G. et. al.).
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Omega-3 PUFA Intake Increases the Clearance of Chylomicrons:
“The results suggest that omega-3 supplementation accelerates chylomicron TG clearance by
increasing LPL activity, and that EPA and DHA are equally effective.” (Park, Y.; Harris, W.S.).
“There is growing evidence that abnormal postprandial lipemia is associated with coronary
artery disease (1–5). Thus, reduction of postprandial triacylglycerol (TG) concentration may be
cardioprotective. Studies have shown that chronic omega-3 fatty acid supplementation
significantly lowers postprandial TG concentrations regardless of the type of fat in test meal (6–
10)... Fish oil supplementation lowers not only fasting (17) but also postprandial TG
concentrations, regardless of the nature of the fat in the test meal (6, 8, 11, 12, 28, 29).” (Park,
Y.; Harris, W.S.).
Chylomicrons formed after the intake of olive oil, rich in monounsaturated fatty acids, enter the
circulation more rapidly and are cleared more rapidly than chylomicrons formed after the
intake of fats rich in either saturated fatty acids or omega-6 polyunsaturated fatty acids such as
safflower oil:
“...chylomicrons formed after olive oil feeding appear to enter the circulation more rapidly, and
to be cleared at a faster rate, than those formed after intake of fats rich in SFA (43, 44) or rich in
PUFA, such as safflower oil (44). Accelerated chylomicron metabolism would actually make
olive oil less atherogenic even if the overall magnitude of postprandial lipemia was similar to
that elicited by other fatty meals.” (Ros, Emilio).
“Increased postprandial concentrations of triacylglycerol-rich lipoproteins, which circulate after
a meal, are positively correlated with coronary heart disease risk...The type of fat consumed in
a meal has been shown to influence the fatty acid composition of chylomicron particles and the
subsequent postprandial triacylglycerol response...Unsaturated fatty acids have been shown to
increase the size of chylomicron particles compared with saturated fatty acids (SFAs), with
animal studies observing a more rapid hydrolysis of polyunsaturated fatty acid (PUFA)-enriched
particles by lipoprotein lipase and clearance of remnant particles by the liver.” (Jackson, K.G. et.
al. 2005).
“The metabolic handling of triacylglycerol-rich lipoproteins is known to be influenced by their
apolipoprotein (apo) C and apo E composition, because these proteins have several regulatory
functions. Apo C-II, which is synthesized in the liver and intestine, activates LPL, which
hydrolyzes triacylglycerol within the core of the lipoprotein particles and plays a key role in the
regulation of triacylglycerol clearance. Apo C-III, which is also synthesized in the liver and
intestine, is thought to play several roles in the metabolism of triacylglycerol-rich lipoproteins.
Increased concentrations of apo C-III have been shown to inhibit the binding and hydrolysis of
lipoproteins by LPL and HL and to inhibit the recognition and uptake of lipoproteins by the
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liver....It has been suggested that, during their lifetime in circulation, triacylglycerol-rich
lipoproteins will contain multiple copies of these exchangeable apolipoproteins, the content of
which will determine their metabolic fate in circulation.” (Jackson, K.G. et. al. 2005).
“A more marked increase in apo B-48 after MUFA than after SFA or PUFA meals was previously
reported by ourselves and others and suggests that ingestion of MUFA-rich meals causes the
formation of greater number of large and moderately sized triacylglycerol-rich lipoproteins. We
have proposed that this response reflects a greater capacity to promote chylomicron formation
and secretion from the enterocyte after exposure to MUFAs, a proposition that is supported by
studies using the Caco-2 cell model...a notable feature of the triacylglycerol and apo B-48
postprandial profiles for the MUFA meals is the rapidly declining concentrations between 360
and 480 min. These declining concentrations results in the return of the particle number to
fasting levels. This suggests that, whatever the origin of the greater rise in particle number, the
particles do not persist within the circulation and are therefore less likely to have adverse
atherogenic consequences....We suggest that the rapid removal of MUFA-rich particles
indicated by the rapid change in apo B-48 and apo C-III concentrations in the declining part of
the postprandial response offers antiatherogenic benefits additional to the LDL-reducing effects
of MUFAs.” (Jackson, K.G. et. al. 2005).
“Using isotopically labelled fatty acids mixed in a test meal (40% of fat), Hodson et al. [82]
effectively showed a tendency for [U-13C]oleate to be more packaged in CM-TAG than [U13C]palmitate. Caco-2 cells cultured with oleic acid also produce lipoproteins containing greater
amounts of TAG relative to apoB than those cultured with palmitic acid [81], indicating again
the ability of MUFA to synthesize larger CM particles, containing higher TAG and lower
phospholipids per particle than SFA [81].
As above reported, adherence to Mediterranean diet not only results in higher peak lipemia,
but also in a faster decrease in TAG concentration. Similarly, postprandial TAG concentrations
return faster to near-fasting level after an acute high MUFA test meals (43% of total energy)
than after high SFA test meals [58] or in healthy adults with a dietary background MUFA
consumption rather than with SFA consumption [68], suggesting a greater clearance of
unsaturated TAG from circulation. Consistent with the MUFA-induced larger-sized CM
observation, Karpe et al. [83] showed that larger CM are cleared faster from the plasma
compartment than small VLDL-sized intestinal
lipoproteins....Altogether these results indicate that the greater postprandial TAG response
during chronic intake of MUFA-rich diets, compared to SFA-rich diet, is due to the production of
a greater number of large-sized CM, and these are cleared faster from plasma. These
differential clearances may be due to differences in trafficking at the whole organism level.”
(Bergouignan, A. et. al.).
“Once digested, assimilated and incorporated into CM-TAG lipoproteins, dietary FA are
channelled towards the peripheral tissues and partitioned between storage and
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oxidation....Thus animal and human studies do not allow drawing clear conclusions about a
plasma trafficking that is different between SFA and MUFA.” (Bergouignan, A. et. al.).
“As CM-TAG enter the circulation, they interact with LPL, which is located on the luminal
surface of capillary endothelial cells, resulting in hydrolysis of TAG to NEFA and
monoacylglycerol....The higher clearance of CM after chronic MUFA ingestion may be explained
by differences in LPL activity. It has been reported that the consumption of single meals high
SFA stearic (18:0) and palmitic (16:0) acid induce a smaller postprandial increase in plasma
heparin releasable LPL activity (analyses performed after suppression of hepatic LPL) than did
the consumption of high oleic acid (18:1) meals [58] (Table 2). Rivellese et al. [67] also clearly
showed in diabetic subjects an increase in both adipose tissue LPL mRNA and activity after 3
weeks of MUFA diet. Previous studies in animals [88] or in vitro [89] also reported that the
degree of saturation and chain length of FA affects plasma heparin LPL activity with a greater
hydrolysis of short-chain unsaturated monoacylglycerol and TAG....Nevertheless, Summers et
al. [90] confirmed those results by showing that FA differences in the rate of extraction from
CM-TAG disappeared when expressed in relation to their proportions in CM-TAG.
These results indicate that the total plasma TAG concentration [91] and the size of the CM
particle resulting from the type of dietary FA ingested seems to be the primary factors affecting
LPL activity, and consequently, the clearance of the TAG-rich lipoproteins. Indeed, although the
MUFA-rich TAG may stimulate the LPL activity, LPL does not seem to present preferential
affinity towards unsaturated or saturated TAG.” (Bergouignan, A. et. al.).
“Since only small changes were observed from 4 to 8 h in the ratios for all five test fats, the
clearing of chylomicron TAG was not specifically related to fatty acids. This means that LPL
cleaved chylomicron TAG in a random manner and no selection of fatty acids for liver synthesis
took place.” (Bysted, A.; Holmer, G.).
“Detailed studies in animals have shown that meal fatty acid composition influences the
metabolism of the triacylglycerol-rich lipoproteins in the circulation and their subsequent
uptake by the liver. The rate of hydrolysis of the particles by LPL and HL and internalization of
the particles are influenced by fatty acid composition, with PUFA-rich particles being more
rapidly hydrolyzed and MUFA and PUFA remnant particles being more rapidly internalized by
the liver than are SFA-enriched particles. It is generally assumed that these metabolic
differences relate to differences in the lipolytic activity of LPL against particles of different fatty
acid composition. We suggest that our present findings indicate that at least some of the
differences in particle composition and lipid content could be secondary to differences in the
apolipoprotein composition...” (Jackson, K.G. et. al. 2005).
After fatty acids are released from triglycerides by lipoprotein lipase, some are released into the
blood & some are taken up into the tissue:
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“However, the process of fatty acid uptake by adipocytes occurs in two stages (1): hydrolysis of
circulating triacylglycerol (TAG) by lipoprotein lipase (LPL) bound to the capillary endothelium,
followed by tissue uptake of the resultant fatty acids. It has long been known that the latter
process is not fully effective, and that a proportion of fatty acids generated by intravascular
TAG hydrolysis will be liberated into the plasma as nonesterified fatty acids (NEFAs) bound to
albumin. This is shown by the rapid appearance in plasma of labeled NEFAs after ingestion of
labeled fat (2) and by the change in NEFA composition that occurs in the postprandial period, to
mirror the dietary fatty acids (3–5)....fatty acid trapping in skeletal muscle is fundamentally
different from that in adipose tissue, in that all the fatty acids released by LPL in skeletal muscle
are taken up by the tissue.” (Evans, K. et. al.).
“However, not all the fatty acids released by LPL are directed into the tissue for esterification
and storage; a proportion leave in the venous plasma as non-esterified fatty acids (NEFA),
bound to albumin. This proportion appears to be highly regulated. In studies of normal subjects
eating a typical mixed meal, the proportion of LPL-derived fatty acids which are entrapped in
the tissue (rather than leaving as NEFA in the venous plasma) changes from close to zero after
an overnight fast, to about 90% within about 60 min after the meal (Frayn et al. 1995). At 4– 5 h
after the meal, when TG extraction is maximal, approximately 50 % of LPL-derived fatty acids
are entrapped in the tissue...This locus of action is probably the concentration gradient for fatty
acids between adipocytes and plasma, generated both by regulation of the esterification of
fatty acids in adipose tissue, and by regulation of the intracellular enzyme hormone-sensitive
lipase (EC 3.1.1.3; HSL). The pathway of fatty acid esterification in adipocytes is stimulated by
insulin (Leboeuf, 1965; Campbell et al. 1992); its regulation is discussed further later. HSL is the
enzyme responsible for mobilization of intracellular TG... In the fed state, therefore, HSL is
suppressed and esterification is stimulated, and fatty acids generated by the increased rate of
LPL action are drawn into the adipocytes down a concentration gradient. In the fasted state HSL
is active, LPL less so, and the esterification pathway is not activated. Fatty acids then flow in a
net sense from adipocytes out into the capillaries for distribution to other tissues via the
circulation. There appears to be highly coordinated regulation of LPL, HSL and fatty acid
esterification which governs fatty acid mobilization and deposition in adipose tissue (Frayn et
al. 1995)” (Fielding, B.A.; Frayn, K.N. p. 499).
Regulation of the Breakdown of Lipids within the Fat Cell: “Triacylglycerol (TAG) stored in
adipose tissue (AT) can be rapidly mobilized by the hydrolytic action of the three main lipases of
the adipocyte. The non-esterified fatty acids (NEFA) released are used by other tissues during
times of energy deprivation. Until recently hormone-sensitive lipase (HSL) was considered to be
the key rate-limiting enzyme responsible for regulating TAG mobilization. A novel lipase named
adipose triglyceride lipase/desnutrin (ATGL) has been identified as playing an important role in
the control of fat cell lipolysis. Additionally perilipin and other proteins of the surface of the
lipid droplets protecting or exposing the TAG core of the droplets to lipases are also potent
regulators of lipolysis.” (Lafontan, M.; Langin, D.).
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“...the stereospecific positions of the acyl chains on the structured TAG used in the meals had
no measurable effect on the postprandial clearance of chylomicron TAG from the
circulation....There was no difference between the proportion of LPL- derived fatty acids in the
adipose venous plasma after the two meals and, although the majority of the fatty acids
released resulted from the action of LPL on chylomicron TAG, the composition was strikingly
constant with time and similar after the two types of fat. This argues very strongly against any
selective tissue uptake or release of fatty acids according to either position within the TAG
molecule or the saturation of the fatty acid molecule.” (Summers, L.K.M. et. al. 1998 p. 146).
“These results therefore strongly refute the hypothesis that the fatty acid at the sn-2 position of
chylomicron-TAG, especially if saturated, would be preferentially released into the adipose
tissue venous plasma. However, they also show clearly that the alternative hypothesis of tissue
uptake of 2-MAG with preferential release of the sn-1 and sn- 3 fatty acids into the venous
plasma is incorrect. It should be noted that these conclusions apply to fatty acids of 16 and 18
carbon chain length: there is evidence for effects on metabolic availability of the very longchain n–3 polyunsaturated fatty acids according to positional distribution in dietary TAG
(35)...We conclude that these early metabolic events after LPL-hydrolysis of chylomicron-TAG
are largely unaffected by the nature or the position of fatty acids within dietary TAG.”
(Summers, L.K.M. et. al. 1999 p. 1897).
“A significant proportion of the hydrolyzed postprandial TAG-rich lipoprotein fatty acids are not
taken up into peripheral tissues but “spilled over” to the circulation as NEFA bound to albumin
[94]....Taken together, the results are clearly controversial and the existence of a differential
release in NEFA fractions depending on the nature of FA remains obscured. These inconsistent
results may be attributable to the differences in the experimental conditions since comparing
FA metabolism in response to different test meals or comparing the metabolism of specific FA
may lead to different scenarios.” (Bergouignan, A. et. al.).
“Previous fatty acid kinetic studies in humans have demonstrated that spillover of fatty acids
derived from the intravascular lipolysis of chylomicron TGs by lipoprotein lipase (LPL) makes a
substantial, direct contribution to the FFA pool (4–6). The regulation of spillover is poorly
understood. Differences in albumin binding affinity (7) and membrane transport (8) based on
degree of fatty acid saturation have been described that could influence both partitioning of
LPL-generated fatty acids and the clearance of individual fatty acids from the circulating FFA
pool. However, there is little in vivo evidence to support true differences between the various
classes of FFA....In summary, the spillover of LPL-generated fatty acids into plasma FFA is similar
for saturated, monounsaturated, and polyunsaturated fatty acids.” (Nelson, R.H. et. al.).

FATTY ACID ABSORPTION
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While there is not yet any clear evidence of a differential uptake of fatty acids by tissues based
upon their saturation or position on the triglyceride molecule, there is evidence to indicate that
the omega-3 polyunsaturated fatty acids EPA & DHA are differentiated following their release
from the chylomicron by LPL.
“...these findings suggest selective entrapment of 20:5n-3[EPA] and 22:6n-3[DHA] following
hydrolysis of chylomicron TAG by lipoprotein lipase. These observations are in agreement with
reports of a higher 20:5n-3–22:6n-3 ratio in fasting NEFA compared to TAG [6], [7], [8] and [9],
although the primary source of TAG is likely to be VLDL rather than chylomicrons....one possible
interpretation is that the early appearance of 20:5n-3[EPA] and 22:6n-3 [DHA] in plasma NEFA
reflects incomplete uptake of fatty acids released by hydrolysis of chylomicron TAG by
lipoprotein lipase associated with adipose tissue. This is consistent with the slow accumulation
of 20:5n-3 and 22:6n-3 in adipose tissue during supplementation with fish oil [9] and [11]. ”
(Burdge, G.C. et. al. 2007).
“The results of this study show for the first time differential incorporation of 20:5n-3 and 22:6n3 into plasma TAG and NEFA in the postprandial period when consumed in amounts typical of
western populations...Overall, these findings suggest that preferential incorporation of 20:5n-3
into chylomicron TAG.” (Burdge, G.C. et. al. 2007).
“In the postprandial state fatty acids esterified to TAG carried by chylomicrons are hydrolysed
by lipoprotein lipase activity. Fatty acids released by hydrolysis are either assimilated into
tissues or bind to albumin and enter the NEFA pool. Since NEFA efflux from adipose tissue is
suppressed during the postprandial period, incorporation of fatty acids released by hydrolysis
of TAG into the NEFA pool probably represents mainly failure to entrapment. The efficiency of
fatty acid uptake differs between tissues and changes over time such the entrapment by
skeletal muscle remains at a similar level throughout the postprandial period, while in adipose
tissue entrapment fall from 100% at baseline to less than 40% by 6 h [10]. Since in these
subjects NEFA efflux from adipose tissue was suppressed for at least 5 h after the meal [15], we
interpret the incorporation of fatty acids into the NEFA pool up to 5 h as reflecting primarily
failure to entrap fatty acids released by hydrolysis of TAG. The pattern of incorporation of
20:5n-3 and 22:6n-3 into plasma NEFA was the converse of their incorporation into plasma TAG
in that the incorporation of 22:6n-3 [DHA] into plasma NEFA was greater than 20:5n-3 [EPA]
while the incorporation of 22:6n-3 into TAG was lower than 20:5n-3....These data are in
agreement with the findings of Health et al. [4] in that 22:6n-3 was incorporated into plasma
NEFA to a greater extent than 20:5n-3. This may serve to facilitate supply of 22:6n-3 [DHA] to
the liver for incorporation into VLDL [4]. Furthermore, this is consistent with the greater
amount of 20:5n-3 [EPA] than 22:6n-3 [DHA] in human adipose tissue [9] and [11]....One
possible explanation for the differential entrapment of 20:5n-3 and 22:6n-3 is molecular
selectivity of fatty acid transporters and/or binding proteins involved in assimilation of these
fatty acids by tissues.” (Burdge, G.C. et. al. 2007).
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“Studies of postprandial lipid metabolism have shown that fatty acid uptake by adipose tissue is
highly regulated and that significant amounts of hydrolysed fatty acids are not taken up by the
tissue but are released as nonesterified fatty acids (NEFAs) (13, 14). In particular, postprandial
uptake of both docosahexaenoic acid (DHA, C22:6 n-3) and eicosapentaenoic acid (EPA, C20:5
n-3) by adipose tissue is proportionally reduced, compared with saturated and
monounsaturated fatty acids. In fact, accumulation of EPA and DHA in the NEFA pool has been
observed in the postprandial period (15).” (Heath, R.B. et. al. pp. 2065-2066).
“Our results strongly suggest that the higher triacylglycerol incorporation of DHA and the higher
metabolic activity of EPA compared with DHA for phospholipid accumulation (particularly in the
short-term study) depend on their respective preferential sn-2/sn-1(3) positions in fish-oil
triacylglycerol structure and its potential manipulation for modulating availability of either or
both fatty acids....The sorting of EPA and DHA according to their sn-2 distribution in fish-oil
triacylglycerol shows that DHA in the sn-2 position and EPA in the sn-1(3) position are
recommended to a preferential and rapid supply of these fatty acids to plasma triacylglycerol
and phospholipid, respectively.” (Sadou, H. et. al. p. 1193 & 1200).
“Plasma concentrations of TG rise progressively over the day due to repeated consumption of
fat-containing meals. Peak TG levels occur between midnight and 2 AM [26,27]....After a given
meal, CM-TG concentrations rise and peak after 3–4 h, whereas TG concentrations in very lowdensity lipoproteins (VLDL) remain relatively constant or peak later at 4–6 h [28–30]....Ruge et
al. have shown that the efficiency of clearance of meal fatty acids into adipose rises from
breakfast through dinner [32].” (Lambert, J.E.; Parks, E.J.).

What remains of the chylomicrons after they are acted on by lipoprotein lipase is delivered
back to the liver where it is used to form VLDL’s:
“In the enterocyte, the lipolysis products are re-esterified in the endoplasmic reticulum to TG,
phospholipids, and other complex lipids....The newly synthesized TGs, phospholipids, and
cholesterol esters are combined with de novo-synthesized apolipoproteins, mainly apo B-48,
with some apo A-I, A-II, A-IV, and E to form chylomicrons. The chylomicrons are then secreted
into the lymphatic system and carried by the thoracic lymphatic duct to the superior vena cava,
where they enter the blood circulation. Lipoprotein lipase released by the capillary endothelial
cells hydrolyzes the TGs in chylomicrons, releasing FFA and 2-monoglycerides....Lipoprotein
lipase has no effect on 2-monoglycerides; 2-monoglycerides are hydrolyzed by lipases in the
liver. FFA and monoglycerides released by the lipoprotein lipase are taken up by the peripheral
tissue. Some of the FFAs released bind to albumin and are cleared by the liver. The
chylomicron remnants have some apo B-48, apo E, phospholipids, cholesterol, cholesterol
ester, and some TGs. These remnants are then cleared from circulation by the liver...The liver
catabolizes chylomicron remnants, resynthesizes TGs from fatty acids, and repackages them
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into VLDLs, consisting predominantly of TGs, small amounts of cholesterol and phospholipids,
and release them into circulation. Small intestine also synthesizes and secretes VLDL-like
particles formed from endogenously synthesized lipids in the fasting and postprandial state.
VLDLs are also substrates for endothelial lipoprotein lipase. They lose TGs by hydrolysis and are
transformed to intermediate-density lipoproteins (IDLs) and finally to LDL. LDL is taken up by
the LDL receptor of peripheral tissue and liver by receptor-mediated endocytosis.” (Chow, C.K.,
ed. pp. 594-595).
“There are two pools of dietary fat being delivered to the liver in the postprandial period. The
first pool contains dietary fatty acids that have been released by lipoprotein lipase but not
taken up by skeletal muscle or adipose tissue. The second pool contains dietary fat contained in
chylomicron remnants, which are taken up directly by the liver. It is estimated that as much as
50% of dietary fat is taken up as remnant TG by the liver, whereas a proportion of dietary fat
escapes tissue uptake and is delivered to the liver as NEFA bound to albumin (34). In addition, it
is well recognized that elevated NEFA concentration is associated with increased VLDL
production, suggesting that NEFA is another major source of fatty acids for the pre-VLDL TG
pool....This is the first study to show that dietary fatty acids are rapidly incorporated into the
VLDL TG pool, enabling efficient recycling of dietary fatty acids for further uptake by
extrahepatic tissues.” (Heath, R.B. et. al. pp. 2070-2071).
“VLDL are hepatically derived particles that mediate the transport of fat from the liver to
peripheral tissue. The triacylglycerol in VLDL is synthesized from fatty acids derived from de
novo lipogenesis (using monosaccharides as substrate), cytoplasmic triacylglycerol, lipoproteins
taken up directly by the liver, and exogenous free fatty acids....The lipid components of VLDL
particles are similar to those of chylomicrons, however, the relative proportion of triacylglycerol
is less....Once in circulation, the initial stages of VLDL metabolism are similar to that of
chylomicron metabolism. Lipoprotein lipase hydrolyzes the core triacylglycerol. The resulting
fatty acids are taken up by cells locally and are oxidized for energy, used for the synthesis of
structural components (phospholipid) or bioactive compounds (leukotrienes, thromboxanes),
or stored (triacylglycerol). Triacylglycerol-depleted particles, VLDL remnants, can either be
taken up directly by receptor-mediated mechanisms in the liver or remain in circulation and be
progressively depleted of triacylglycerol. The delipidation of VLDL results in the progressive
shift in the composition of the lipoprotein particle from one defined as VLDL to IDL and
eventually LDL. This process is facilitated not only by lipoprotein lipase, but also by hepatic
lipase. This second lipase has the capacity to hydrolyze both triacylglycerol and phospholipid,
and is localized to the liver. The progressive depletion of triacylglycerol from the lipoprotein
particle results in a marked increase in the relative proportion of cholesterol...The ultimate
product is LDL, a cholesterol-rich particle containing only a single copy of apo-B 100.” (Erdman,
J.W.; MacDonald, I.A.; Zeisel, S.H. pp. 126-127).
“When we consume fatty acids, some are used immediately while others enter metabolic
pathways before storage. After the consumption of a meal, fatty acids are formed into
chylomicrons by enterocytes and enter the systemic circulation. Although some are hydrolysed
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in adipose tissue and taken up immediately, approximately 50% ‘spill-over’ 4–5 h after a meal
into the plasma [147] where they may be taken up by other tissues such as the liver. The liver
also takes up remnant chylomicrons and thus dietary fatty acids can readily be formed into
VLDL (TAG, CE and PL). Systemic VLDL is then further metabolised by tissues such as adipose
tissue and muscle. Further exchanges of fatty acids within and between lipid classes in the
tissues and blood ensures widespread distribution of dietary fatty acids throughout the body.”
(Hodson, L. et. al. 2008 p. 358).
“Adipocytes do not absorb VLDLs or intact TGs directly. The TGs must first be hydrolyzed by
lipoprotein lipase localized in the capillary endothelial cells. The FFA released by this reaction
diffuse through the capillary wall and are then taken up by the adipocytes and reesterified to
form TGs.” (Chow, C.K., ed. p. 596).
“In the fed states, the liver helps to distribute lipid by esterification of NEFA into VLDL-TG
[100] and [101] for export into the circulation and ultimate storage of FA in the adipose TAG
pool or oxidation in skeletal muscle. The packaging of the dietary NEFA released into circulation
by LPL from CM into VLDL has been shown an early event of the postprandial state [102] as
such VLDL formation plays a key role in dietary FA trafficking....Aarsland and Wolfe [104]
reported that free oleic acid was the predominant source of VLDL-TAG synthesis in the liver
compared to other FA. Similarly, Hodson et al. [82] have recently reported a significant higher
amount of dietary oleate compared to palmitate in VLDL fraction. These results may suggest a
discrimination in hepatocyte favoring MUFA incorporation during VLDL-TAG synthesis. Since the
microsomal MTP is highly involved in the assembly of particles to synthesize VLDL-TAG [105], a
greater affinity for oleate may explain this discrimination. However, to our knowledge, no in
vitro studies have investigated the effect of different FA varying in the degree of saturation in
the VLDL-TAG biosynthesis in hepatocyte and clear conclusions can not be drawn....Taken these
previous results altogether, MUFA seem more likely to be packaged into CM [chylomicrons]
than SFA. Although the differential packaging into VLDL between MUFA and SFA appears less
clear than that for CM fraction, MUFA might be more incorporated into VLDL than SFA, while
SFA might present a higher retention in the liver.” (Bergouignan, A. et. al.).
“There are several possible routes by which dietary fatty acids can enter the VLDL-TG pool
including delivery to the liver of intact TG in chylomicron remnant particles, and of
nonesterified fatty acids (NEFA) produced as “spillover” from the peripheral lipolysis of
chylomicron particles...Our data show dietary fatty acids making a rapid and substantial
contribution to VLDL-TG production....It is likely that, by 540 min [9 hrs], fatty acids have been
recycled through VLDL, NEFA (or intermediate-density lipoprotein), and back through the liver
for further VLDL-TG synthesis. Nevertheless, our data show that there is rapid flux of fatty acids
from the diet into endogenous pools.” (Heath, R.B. et. al. 2007).
“...a second meal (“lunch”) may lead to the rapid release from the small intestine of
chylomicron particles carrying fat from the earlier meal...VLDL particles far outnumber
chylomicron particles even during postprandial lipemia (7), VLDL particles compete with
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chylomicrons for clearance by lipoprotein lipase (4), and postprandial lipemia, to which VLDLTG contributes significantly (6, 29), is a well-established risk factor for cardiovascular
disease....It has been shown previously that dietary fats are incorporated into the VLDL-TG pool
within 90 min of food intake (14)....This second-meal effect reflects storage of dietary fat in
enterocytes and perhaps intestinal lymphatics, with release following consumption of a second
meal (26).” (Heath, R.B. et. al. 2007).
“These data can be summarized as follows: meal-TG can be delivered to the liver through the
spillover pathway after liberation via LPL and also through direct hepatic chylomicron uptake
(Fig. 1D)....Data from healthy subjects suggest that 8–12% of meal-TG is taken up by the liver
after a single meal and that in diabetics and individuals with NAFLD, a greater burden of meal
fatty acids (10–16%) may be handled by the liver in the postprandial state.” (Lambert, J.E.;
Parks, E.J.).
“We showed that there are differences in the extent to which individual fatty acids in the diet
are taken up into subcutaneous adipose tissue in the short term....The processes by which
dietary fatty acids are stored in adipose tissue are complex, as shown in studies in which a
radiolabeled fatty acid was given orally. The label continued to appear in adipose tissue over
several weeks, reaching a maximum at 1 mo. Such results imply that dietary fatty acids may
enter other body pools and perhaps recycle through VLDL many times before eventual storage
in adipose tissue.” (Summer, L.K.M. et. al.)
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Figure 6. The Absorption, Transport, & Metabolism of Fat (Lambert, J.E.; Park. E.J.).

Fatty Acids Taken up into Tissues may be used for energy, stored as triglycerides, incorporated
into phospholipids and used to form structural components in the cell such as the cell
membrane, or converted into molecules such as prostaglandins, leukotrienes, or thromboxanes
that act as cellular signals in the cell that help to regulate cellular function.:
“Once fatty acids are taken up into the cell, they are rapidly converted to fatty acyl CoA
thioesters by one of six characterized acyl CoA synthetases. These fatty acyl CoAs can then be
shunted toward incorporation into complex lipids such as triglycerides (TG) and
phospholipids...Alternately, they can be elongated/desaturated or oxidized through various
pathways to give rise to second messengers such as prostaglandins and leukotrines.” (Chow,
C.K. p. 727).
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Patterns of use of the different classes of fatty acids: Saturated, Monounsaturated, Omega-3
& Omega-6 Polyunsaturated fatty acids
“The physical properties of dietary fat, such as their hardness at room temperature (melting
point) and subsequent metabolic properties once in the body, are determined by the number
of double bonds in their constituent fatty acids (degree of saturation or unsaturation) and
length of the fatty acid carbon chain.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H.
p. 92).
“Saturated and monounsaturated fatty acids are used especially for storage, the former also
being able to be unsaturated at the liver level. The n-3 polyunsaturated fatty acids, such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), will be either oxidized (as for the
linolenic acid) or incorporated into phospholipids of cellular membranes. The precursors of the
n-6 fatty acids (linoleic acid) will be elongated and desaturated to give mainly arachidonic acid,
a membrane component and also an important source of oxygenated mediators
(prostaglandins, thromboxanes, and leukotrienes).” (Leray, Claude p. 63).
“Although by no means the most metabolically active, fatty acids with 16 and 18 carbons
comprise the bulk of fatty acids in both the diet and the human body.” (Erdman, J.W.;
MacDonald, I.A.; Zeisel, S.H. p. 119).
“Long-chain fatty acids (>14) are the main constituents of dietary fat. The most common
saturated fatty acids in the body are palmitate and stearate....Palmitate and stearate are
important membrane constituents, being found in most tissue phospholipids at 20-40% of the
total fatty acid profile. Brain membranes contain 20 to 24 carbon saturates that, like palmitate
and stearate, are synthesized within the brain and have little or no access to the brain from the
circulation. The normal membrane content of long-chain saturates can probably be sustained
without a dietary source of these fatty acids.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.;
Hester, V.H. p. 89).
“Palmitate and stearate constitute a major proportion of the acyl groups of membrane
phospholipids and all mammals have the capacity to synthesize them. Hence, empirically, they
presumably have an important function in energy metabolism, cell structure, normal
development and growth. The 20- to 24- carbon saturates are also important constituents of
myelin. However, in any of these functions, it is unlikely that a dietary source of saturates is
necessary. In fact, the brain is unable to acquire saturated fatty acids from the circulation and
relies on its own endogenous synthesis for these fatty acids.” (Gibney, M.J.; Lanham-New, S.A.;
Aedin, C.; Hester, V.H. p. 112).
“The most common long-chain cis-monounsaturated fatty acids in the diet and in the body are
oleate (18:1n-9) and palmitoleate (16:1n-7), with the former predominating by far in both the
body’s storage and membrane lipids. As with stearate, most oleate in the human body appears
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to be of dietary origin. Hence, although humans have the capacity to desaturate stearate to
oleate, dietary oleate is probably the dominant source of oleate in the body....As with saturates
of >18 carbons in length, 20-, 22-, and 24- carbon monounsaturates derived from oleate are
present in specialized membranes such as myelin.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.;
Hester, V.H. p. 89).
“In humans that are physically fit and near their ideal body weight, the primary fate of fattyacyl-CoAs in adipose tissue is re-esterification to TAG. Adipose tissue has a characteristic profile
in which the proportion of MUFA is greater than that in the diet [117], [118], [119] and [120].
For example, Garland et al. [120] showed that MUFA represented 56.0% of adipose tissue FA
whereas, based on 2 weeks of diet record by food questionnaires for 140 by US women, MUFA
intake was 39.6% of fat intake. Although food questionnaires only allow a rough estimation of
the diet composition, it could be speculated that MUFA is greater uptake or lower released by
adipose tissue. As no clear difference in uptake was noted, the previous metabolic steps such as
incorporation into CM-TAG and preferential hydrolysis of large CM by LPL may play a more
important role than FA transport in the FA composition of the adipose tissue....MUFA is the
preponderant FA in adipose tissue. This may be explained by a greater uptake by adipocytes of
MUFA compared to SFA and by a putative desaturation process of dietary SFA in adipocyte,
rather than by a preferential release of SFA than MUFA, in particular in individuals who spent
most of time in post-prandial conditions (Fig. 1). Interestingly, the SFA-rich adipose tissue are
related to metabolic disorders, suggesting that the process favoring the MUFA accumulation in
adipose tissue may be considered adaptive response to alleviate the SFA storage related
deleterious effects.” (Bergouignan, A. et. al.).
“Studies in rodents and numerous dietary epidemiological studies in human populations
indicated that SFA markedly decrease insulin responsiveness in peripheral tissues [36], [155],
[156] and [157], whereas unsaturated fats and in particular MUFA oleic acid improves insulin
sensitivity [158], [159] and [160], setting an upper limit of total fat consumption around 37–
40% of total energy [36]....In a context of a rising prevalence of obesity and Type 2 diabetes
worldwide, the improvement of insulin sensitivity associated to the Mediterranean diet due to
a high intake of MUFA [161] is noteworthy.” (Bergouignan, A. et. al.).
“Linoleate and alpha-linolenate are the primary dietary cis-polyunsaturated fatty acids in most
diets. Neither can be synthesized de novo (from acetate) in animals so are ‘essential fatty
acids....Linoleate is the predominant polyunsaturated fatty acid in the body, commonly
accounting for 12-15% of adipose tissue fatty acids. In the body’s lean tissues there are at least
three polyunsaturates present in amounts >5% of the fatty acid profile (linoleate, arachidonate,
docosahexaenoate).” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 89).
“Short-chain fatty acids (less than eight carbons) are water soluble. Except in milk lipids, they
are not commonly esterified into body lipids. Short-chain fatty acids are found primarily in
dietary products containing ruminant milk fat. Hence, although they are produced in relatively
large quantities from the fermentation of undigested carbohydrate in the colon, as such, they
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do not become part of the body lipid pools....Like short-chain fatty acids, medium-chain fatty
acids are present in milk but they are also rarely esterified into body lipids, except when
consumed in large amounts in clinical situations requiring alternative energy sources. Medium
chain fatty acids (8-14 carbons) are rare in the diet except for coconut and milk fat.” (Gibney,
M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 88).
“Fatty acids with chain lengths 8 and 10 are present in substantial amounts in certain foods
such as dairy and coconut products (cream has 1.4 and 3.0 g/100 g, and desiccated coconut
contains 7.5 and 7.1 g/100 g for 8:0 and 10:0, respectively). However, there is a tendency for
these medium chain fatty acids to be absorbed directly into the portal vein rather than form
chylomicrons, and they are preferentially oxidised compared with long chain fatty acids [204].
Therefore they are not readily incorporated into adipose tissue and blood lipid pools...”
(Hodson, L. et. al. 2008 p. 370).
“Once transported to the liver, MCFA may follow various catabolic pathways including betaoxidation, omega-oxidation, and peroxisomal oxidation. Consequently, characteristic
differences between MCFA and LCFA metabolism also exist following uptake by hepatic tissues.
The fatty acyl synthetase responsible for TG re-esterification is most effective with FA of 14 or
more carbons (18). As a result, few MCFA are recovered in triglyceride (19) phospholipid or
cholesterol ester fractions ( 10) and low concentrations of MCFA are recovered in various
tissues (20). The chain length preference of fatty acyl synthetase exists therefore as a major
point of partitioning differentiation between MCFA and LCFA.” (Papamandjaris, A.A.;
MacDougall, D.E.; Jones, P.J.H. p. 1205).
“Short-chain fatty acids (1-6 carbons) are mostly derived from carbohydrate fermentation in
the large bowel and appear to be mainly used for energy...Medium-chain fatty acids (8-14
carbons) naturally appear in mammalian milk and are almost exclusively used as energy
substrates. They may also be chain elongated to palmitate.” (Gibney, M.J.; Lanham-New, S.A.;
Aedin, C.; Hester, V.H. p. 112).
“Within a wide variety of circumstances, MCFA are consistently oxidized to a greater degree
than LCFA. Ease of absorption, hepatic portal transport, carnitine independent mitochondrial
metabolism and a low affinity for esterification may facilitate the rapid and greater oxidation of
MCFA, thus making it a highly available energy substrate.” (Papamandjaris, A.A.; MacDougall,
D.E.; Jones, P.J.H. p. 1213).

BLOOD LIPID COMPOSITIONS
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“The composition and the amounts of plasma and tissue fatty acids (FA) are the result of
various processes, e.g. dietary intake, intestinal absorption, metabolism and storage, exchanges
among compartments. The major proportion of plasma FA is esterified in various lipid classes
(phospholipids, PL; triacylglycerols, TG; cholesteryl esters, CE), which are components of
lipoproteins, whereas small amounts are bound to plasma proteins, mainly albumin (1–2.5
meq/L, corresponding to 8–10% of total FA in plasma).” (Rise ́, P. et. al. p. 363).
“The FA composition is rather defined and typical for each lipid class, although the FA profiles of
lipids in lipoproteins reflect also the fat intakes with the diet. This is relevant in terms of the
potential impact of dietary FA on health, as it has been shown for various diseases, e.g.
hyperlipidemia and atherosclerosis.” (Rise ́, P. et. al. p. 363).
“The FA composition of red blood cells (RBCs) and platelets also reflect fat intakes....Changes of
RBC FA have been reported in relation to pathologic states.” (Rise ́, P. et. al. p. 363).
“Changes in plasma and blood cell FA composition, especially those concerning LCP [long-chain
polyunsaturated fatty acids] derived from the diet, play, indeed, a pivotal role in the
modulation of membrane structures and cell functions....The distribution of plasma FA in
different blood components is the result of dietary load (110–130g/d, conventional Western
diets) on one side, and of transport processes and metabolic features on the other [30,31].
Moreover, in this scenario, different FA would compete for the incorporation in individual
plasma lipid classes (PL, TG and CE), lipoproteins and blood cell lipids, a feature that dictates
some of the characteristics of the FA distribution in lipid pools.” (Rise ́, P. et. al. p. 367).
“The majority of TAG in fasting plasma is usually carried in very low density lipoprotein (VLDL)
particles. The fatty acid composition of plasma TAG has been reported to represent dietary
intake from the preceding day(s) [72,73]. Stable isotope work in our laboratory has further
confirmed these findings and we have demonstrated that dietary fatty acids appear in VLDLTAG within hours of meal consumption [74–76]. The fatty acid composition of plasma TAG is
therefore not suitable for measurement of long-term dietary fatty acids, unless the subject is on
a stable dietary regime. We report here the data from five studies, representing 352
participants where the fatty acid composition of plasma TAG has been measured [24,67,77–79].
The most abundant fatty acids are 18:1 n-9 (37.7 (34.3–40.5) mol%), 16:0 (29.5 (26.6–31.6)
mol%), and 18:2 n-6 (15.0 (11.0–18.0) mol%), respectively. 14:0, 16:1 n-7 and 18:0 are present
in similar proportions of around 5 mol% (Fig. 3). Notably, the abundance of very long chain
PUFA is very low (<1 mol%).” (Hodson, L. et. al. 2008 p. 354).
“Chylomicron-TG was extensively composed of meal fatty acids as shown by the fatty acid
composition. Using stable isotope tracers and a different test meal, we confirmed the findings
of Summers et al. (50) that oleate and palmitate were overrepresented in chylomicron-TG
compared with linoleate. This suggests partitioning of linoleate to other lipid pools within the
enterocyte, such as PLs (4, 55), and assumes that all three fatty acids are absorbed equally in

172

the intestine. This assumption is likely to hold as studies (27) with tracer enrichment in fecal
samples have shown that >98% of meal palmitate and oleate are absorbed. It is also assumed
that there is no selectivity of chylomicron hydrolysis (50).” (Hodson, L. et. al. 2009 p. E67).

FAT TISSUE COMPOSITION
Overall, fatty acids 16 and 18 carbons in length account for the bulk of the fatty acids in both
the diet and in the human body. Within this group of fatty acids 16 and 18 carbons long, the
saturated fatty acids palmitic and stearic acid comprise a significant portion, present both in the
diet and in the tissues of the body in considerable amounts. While these two fatty acids are
abundant in the diet, all mammals including humans have the ability to synthesize them, an
ability that reflects the vital role they play in cellular structure, normal development and
growth. Nevertheless, if the body can obtain them from the diet instead of expending the
energy to make them, it will.
Another fatty acid that falls into the 16-18 carbon long category is oleic acid. Oleic acid, the
main fatty acid in olive oil, and the most common monounsaturated fatty acid in the typical
human diet and in the human body, is thought to be largely obtained from the diet as well.
Although, the body is capable of making oleic acid by adding a double bond into the saturated
fatty acid stearic acid, and does so to some degree in order to achieve the very high proportions
of oleic acid present in human fat stores. It is clear that the accumulation of oleic acid in
human fat stores is favored, resulting in a greater proportion of oleic acid in human fat than is
found in most human diets. A high amount of oleic acid in fat is thought to be protective
against metabolic disorders such as type II diabetes and obesity as it has been shown to support
optimal insulin functioning, whereas fat tissue richer in saturated fats has been associated with
a marked decrease in the efficacy of insulin activity which sets the stage for metabolic
disorders. Besides the abundance of oleic acid present in the body’s fat stores, oleic acid is also
a common fatty acid in the phospholipids composing the body’s cellular membranes. Oleic acid
may also be lengthened to longer chained monounsaturated fatty acids 20-24 carbons in length
which are used in specialized membranes such as those found in the nervous system.
The primary polyunsaturated fatty acids in most human diets are the omega-6 fatty acid linoleic
acid and the omega-3 fatty acid alpha-linolenic acid, both of which are essential fatty acids that
cannot be synthesized in animals or humans. Of these, linoleic acid is the predominant
polyunsaturated fatty acid in the human body, composing around 10-25% of the fatty acids in
human fat. In the body’s lean tissues, the three polyunsaturated fatty acids linoleic,
arachidonic (a.k.a. AA) and docosahexanoic acid (a.k.a. DHA) account for more than 5% of the
total fatty acid profile.
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The five main fatty acids stored as triglycerides in human adipose (fat) tissue are oleic acid,
palmitic acid, linoleic acid, palmitoleic acid, and stearic acid. Thus, with the exception of the
polyunsaturated fatty acid linoleic acid, human body fat is primarily composed of saturated and
monounsaturated fatty acids. The monounsaturated fatty acid oleic acid alone forms around
40-55% of human body fat, depending upon the individual and their diet. The next most
abundant fatty acid is the saturated fatty acid palmitic acid that accounts for 20-30%. The
polyunsaturated fatty acid content, which is mainly in the form of linoleic acid, significantly
varies between individuals depending on their dietary intake. Since linoleic acid is an essential
fatty acid and cannot be synthesized within the body, its presence in human body fat is directly
reflective of its intake and will range anywhere from around 10-25%. The next two fatty acids
most prevalent in human body fat are the monounsaturated fatty acid palmitoleic acid and the
saturated fatty acid stearic acid, which each compose 5-10% and 3-20% of fat, respectively, but
which often occur in relatively similar proportions. Smaller amounts of the saturated fatty acid
myristic acid and the naturally occurring monounsaturated trans fatty acid vaccenic acid are
also in human fat. Besides linoleic acid, other polyunsaturated fatty acids that are slightly
longer in length (20 or more carbons) are found in very low concentrations that vary greatly
depending upon diet.
Regardless of an individual’s dietary intake of fatty acids, the composition of body fat will
remain relatively the same with oleic acid, palmitic acid, linoleic acid, palmitoleic acid, and
stearic acid as the primary fatty acids. Diet has a limited ability to affect body fat content.
Thus, while diet may affect the specific levels of these fatty acids and other fatty acids within an
individual’s body fat, the general composition and proportions of the fatty acids will not
change. Body fat will always contain primarily saturated and monounsaturated fatty acids, and
even a diet with more than 30% polyunsaturated fatty acids will not alter this general
composition. Further, even though the fatty acid profile of fat is in constant flux as fatty acids
are continuously added into and released from fat, any significant changes to the composition
of body fat may only occur from long-term changes in dietary fatty acid intake. For instance,
the alteration of the linoleic acid content in human adipose has been shown to require almost 3
years of a modified intake of linoleic acid. Hence, the fatty acid profile of human body fat is
reflective of the habitual fatty acid intake, rather than the short term intake, and is estimated
to represent the dietary fatty acid intake spanning as far back as 1-1.5 years or more.
Of the different classes of fatty acids, the levels of polyunsaturated fatty acids in body fat are
the most affected by diet. An increased intake of the polyunsaturated fatty acid linoleic acid or
the omega-3 long-chain polyunsaturated fatty acids EPA and DHA have all been shown to raise
their concentrations in body fat. Furthermore, the ratio between the dietary intake of omega3 and omega-6 polyunsaturated fatty acids is also reflected to some degree in body fat.
Although, as stated before, changing the levels of polyunsaturated fatty acids in body fat takes
time as it does for any fatty acids. The accumulation of omega-3 polyunsaturated fatty acids in
body fat is particularly slow due to their tendency to cycle through the other pools of body
lipids before being stored. The concentrations of omega-3 polyunsaturated fatty acids in body
fat will also always remain low since these fatty acids serve so many other functions that the
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body prioritizes their use for before they are put into the body’s fat stores. Nevertheless, there
is a clear relation between their presence in body fat and their dietary intake over time,
particularly as reflected with the habitual consumption of fish.
It is important to note that not all polyunsaturated fatty acids are altered in body fat depending
upon their concentrations in the diet. Unlike its shorter chained relative the omega-6 linoleic
acid, the levels of the long-chain polyunsaturated fatty acid arachidonic acid in body fat as well
as in other tissues does not vary with dietary intake. Levels of arachidonic acid are tightly
regulated so that its concentration in body fat and in blood lipids is only marginally altered with
an increased intake of arachidonic acid. When surpluses of arachidonic acid are ingested, it is
usually directed towards phospholipids instead of the triglycerides in body fat.
Industrially produced trans fats, widely publicized for their harmful effects upon the body, also
make their way into body fat when they are consumed on a regular and long-term basis. Trans
fats are actually formed from monounsaturated and polyunsaturated fatty acids, but due to
their industrial processing that involves major modifications to their structure, they no longer
act like monounsaturated or polyunsaturated fatty acids in the body. Once they are present in
body fat, they can alter lipid metabolism and impair the fat tissue’s ability to react to the
presence of the hormone insulin. Such a disruption in insulin function can predispose an
individual to metabolic disorders such as obesity and type II diabetes.
The dietary intake of saturated and monounsaturated fatty acids may also influence body fat
composition but not as directly as the polyunsaturated fatty acid intake. This is due to the fact
that unlike the essential polyunsaturated fatty acids that can only be obtained from diet,
saturated and monounsaturated fatty acids are also synthesized within the body. Any excess of
carbohydrate or alcohol that is not needed for immediate energy will eventually be stored as
fat, mainly in the form of saturated fatty acids that are synthesized within the body. Fatty acid
synthesis within the body, formally known as ‘de novo lipogenesis,’ is activated when diets high
in energy and rich in carbohydrate are consumed. Since the body only synthesizes saturated
fats which may then be made into monounsaturated fats by adding in one double bond, an
increase in de novo lipogenesis results in higher levels of saturated and monounsaturated fats
in the body, including in body fat. On average, though, when a high energy diet rich in
carbohydrates is not being consumed, it has been estimated that only around 10% at most of
the fatty acids in body fat were synthesized within the body via de novo lipogenesis. Thus,
saturated and monounsaturated fatty acids made in the body only make a small contribution to
the fatty acids present in the fat of people consuming the typical Western, high fat diet.
Most saturated and monounsaturated fatty acids in body fat arise from the diet, and the
relative proportions of these fats in the diet will slightly alter their levels in body fat. This has
been observed in Spanish and Greek populations who have higher percentages of oleic acid in
their body fat reflecting the very high amounts of olive oil regularly consumed in their
Mediterranean diets. From the diet, the body may also incorporate more rare saturated fatty
acids that cannot be made by the body into body fat such as the 15 carbon long pentadecanoic
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acid and the 17 carbon long heptadecanoic acid. Both of these saturated fatty acids mainly
occur only in certain dairy products and appear in small but significant amounts in body fat as a
result of the regular consumption of these products over time.
The relative concentrations of saturated, monounsaturated, and polyunsaturated fatty acids
present in body fat may also vary in individuals engaging in “yo-yo dieting” that involves a cycle
of weight loss followed by weight gain. Also termed weight cycling this pattern is common in
individuals struggling to lose weight through extreme dieting. The repeated bouts of extreme
energy deprivation that often occur with extreme dieting can contribute to a gradual increase
in the proportions of saturated and monounsaturated fatty acids relative to the
polyunsaturated fatty acids present in body fat. This occurs as a result of an increase in the
body’s synthesis of saturated and monounsaturated fatty acids to help compensate for the lack
of incoming fat during periods of fasting or low fat dieting. At the same time, a diet low in
calories results in the use of polyunsaturated fatty acids first for energy since these fats are
more soluble and can therefore be more easily mobilized from body fat stores to be used for
energy. Thus, polyunsaturated fatty acids present in body fat will decrease while saturated and
monounsaturated fatty acids are increased. Furthermore, weight cycling that occurs from
bouts of extremely low energy and fat intake followed by refeeding also inhibits the conversion
of the essential fatty acids linoleic and linolenic acid into their longer chain polyunsaturated
fatty acid derivatives such as EPA, DHA, and arachidonic acid (AA). This results in lower levels of
the long-chain polyunsaturated fatty acids in body fat which can have negative downstream
effects upon an array of metabolic functions. Fluctuations in body fat composition from yo-yo
dieting are also thought to have unfavorable effects upon the proper function of insulin as well
as other hormones.
Unlike body fat, the lipids found circulating in the blood are not representative of the long term
dietary fatty acid intake, but is more reflective of the ingestion of fatty acids from the preceding
days. A small amount of fatty acids (8-10% of the total fatty acids in the blood) are bound to
single blood proteins such as albumin. Most of the lipids circulating in the blood are packaged
into the spherical protein envelopes such as chylomicrons and VLDLs that contain fatty acids in
the form of phospholipids, triglycerides and cholesterol esters. While the fatty acid
composition of phospholipids, triglycerides, and cholesterol esters is rather defined, the fatty
acid profiles of the lipids in chylomicrons and VLDLs also reflect fatty acid intake. Besides the
lipids present in the chylomicrons and VLDLs circulating in the blood, dietary fat intake has also
been shown to be reflected in the fatty acid composition of red blood cells and platelets, blood
cells that can clump together to help the blood clot and restrict bleeding. The changes in the
fatty acid profiles of red blood cells have even been associated with certain diseased states.
The main fatty acids found in the blood triglycerides are the same fatty acids most abundant in
human body fat. Thus, oleic acid accounts for 34-41% of the fatty acids in blood triglycerides
and is the predominant fatty acid just as it is in fat tissue. The second and third most abundant
fatty acids in body fat, palmitic and linoleic acids, are also the next major fatty acids in blood
triglycerides with palmitic acid making up 27-32% and linoleic acid 11-18% of the total fatty
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acids in blood triglycerides. Much smaller amounts ranging around 5% of the total fatty acids
are myristic, palmitoleic, and stearic acids. The very long-chain polyunsaturated fatty acids are
an even lower percentage of the total, just as they are in body fat, accounting for less than 1%.
Medium chain fatty acids, which are not typically incorporated into body fat, are not found in
any significant amounts in blood lipid pools either. Again, this is because they are typically
rapidly used for energy.
When fatty acids are released into the blood for use by other tissues, the relative amounts of
the different types of fatty acids released closely reflect their relative proportions in fat, with
the exception of the saturated fatty acids palmitic and stearic acids which are released in
concentrations slightly higher than would be predicted based on their levels in fat. The
proportions of the long-chain polyunsaturated fatty acids DHA and EPA, the polyunsaturated
fatty acid linoleic acid, and the monounsaturated fatty acid oleic acid present in body fat are
closely correlated with their relative proportions in the blood, most especially for linoleic acid
and EPA and DHA.
All together, in a healthy human adult, in the whole body content of lipids, oleic acid
predominates by about 2 fold over the next most abundant fatty acid, palmitic acid. Palmitic
acid is around 2 times higher than the amount of linoleic acid, the third most abundant fatty
acid. The levels of stearic acid are the fourth highest of the fatty acids. The polyunsaturated
fatty acids (including alpha-linolenic, arachidonic acid, EPA, & DHA) follow, and are present in
considerably lower concentrations.

“The fatty acid composition of adipose tissue has been considered a gold standard for the
representation of dietary fatty acids, due to the slow turnover time in weight stable individuals.
In the 1960s Hirsch et al. [28] and Dayton et al. [29] estimated that the t1/2 of adipose tissue
TAG was between 1 and 2 years. Twenty years later Beynen et al. [30] calculated that the
average t1/2 of adipose tissue fatty acids reflects an integrated measure over 1–1.5 year of
intake. Recent work by Strawford et al. [31] using stable isotope methodology estimated that
the t1/2 of adipose tissue lipids are between 6 and 9 months.” (Hodson, L. et. al. 2008 p. 351).
“...changes in adipose tissue composition require long-term dietary interventions. For example,
an attempt to alter the linoleic acid content in human adipose tissue needed almost 3 years to
reach a new set-point.” (Watson, R.R. p. 492).
Typical Fatty Acid Profile of Human Fat Tissue: “Subcutaneous adipose tissue TAG contains
predominantly 18:1 n-9 (oleic acid) 43.5 (37.0– 49.7) mol% (mean (range)). The next most
abundant fatty acids are 16:0 (palmitic acid) (21.5 (18.1–23.5) mol%) and 18:2 n-6 (linoleic acid)
(13.9 (8.6–24.9) mol%). The proportion of 16:1 n-7 (palmitoleic acid) is approximately two times
higher than 18:0 (stearic acid) (7.2 (4.5–10.1) mol% vs 3.4 (2.6–4.7) mol%). Of note are the very
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low (less than 1 mol%) and variable proportions of very long chain (20 or more carbons)
polyunsaturated fatty acids (PUFA).” (Hodson, L. et. al. 2008 p. 351-352).
SIDE NOTE: “At birth, the fatty acid profile of body fat is unusual in having very low linoleate
(<3%) and alpha-linolenate (<1%) but a higher proportion of long-chain polyunsaturates than
later in life.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 104).
“The main fatty acids in the TAG of adult human body fat are palmitate (20-30%), stearate (1020%), oleate (45-55%), and linoleate (10-15%). The fatty acid profile of adult body fat always
reflects the profile of dietary fat. Only rarely would this result in other fatty acids being more
prevalent in body fat than the four listed here....Body fat is about 82% by weight TAG, making it
by far the main body pool of palmitate, stearate, oleate, and linoleate.” (Gibney, M.J.; LanhamNew, S.A.; Aedin, C.; Hester, V.H. p. 104).
“The fatty acid profile of adipose tissue is a result of the continuous fluxes in and out of
triglycerides. The main sources of fatty acids into the adipocyte are the exogenous input of
dietary fatty acids circulating in plasma and the endogenous synthesis and/or transformation of
these fatty acids: the balance between these two sources will determine adipose tissue fatty
acid profile....The main fatty acid families...are summarized in Fig 41.1. Fig 41.2 shows the
relative proportions of the major fatty acids in human adipose tissue in a Mediterranean
(Spanish) population. Oleic acid was the most abundant fatty acid, amounting to almost half of
the total fat (47%)...The second most abundant was palmitic acid (21.5%)...Linoleic acid was the
third most abundant....Palmitoleic and stearic acids normally occurred in similar proportions.
Finally, myristic and vaccenic acids were the least abundant of the seven major fatty acids. The
associations represented in the figure reflect how changes in the amount of one particular fatty
acid will affect those of others, due to the competition for transport, uptake and binding to
mono- and diacylglycerides, or elongation and unsaturation/desaturation reactions. The
adipose tissue profile shown in Fig 41.2 is similar but not identical to those described in other
countries and populations, such as Americans or Japanese, thus providing evidence for the
greater influence of dietary contribution over endogenous metabolism on the fatty acid
composition of adipose tissue.” (Watson, R.R. p. 491).
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Figure 7. Relative Proportions Of Major Fatty Acids In Human Adipose Tissue (Watson, R.R. p. 491).

“An estimate of the whole body content of lipids in a healthy adult human is given in Table
6.5....In general, regardless of the profile of dietary fatty acids, saturated and monounsaturated
fatty acids predominate in adipose tissue, whereas there is a closer balance between saturates,
monounsaturates, and polyunsaturates in structural lipids.”
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Table 6. Body fat content of major fatty acids in humans (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.;
Hester, V.H. p. 105).

“...adipose tissue has a characteristic profile in which the proportion of monounsaturated fatty
acids (MUFAs) is greater than that in the diet....The mechanism by which this fatty acid profile
arises is unclear. Saturated fatty acids (SFAs) and MUFAs can be synthesized de novo and so a
close relation with dietary fatty acids is not necessarily to be expected. The characteristic
pattern could also arise through differences in the early metabolic processing of individual
dietary fatty acids, leading to greater storage for some relative to others. For instance, it has
been suggested that long-chain n−3 polyunsaturated fatty acids (PUFAs) are not stored in the
short term in adipose tissue (6, 7). Uptake of dietary fatty acids by adipose tissue involves
several metabolic steps, including absorption in the small intestine, incorporation into
chylomicron triacylglycerol, hydrolysis of this triacylglycerol by adipose tissue lipoprotein lipase
(LPL), and uptake of fatty acids into and esterification within adipocytes. It was shown in rat
chylomicrons in vitro that eicosapentaenoic acid (EPA; 20:5n−3) esters are relatively resistant to
hydrolysis by LPL (8). Therefore, triacylglycerol and diacylglycerol species containing 20:5n−3
may accumulate at the surface of chylomicron remnants and escape immediate uptake.
Alternatively, the characteristic fatty acid pattern of adipose tissue may be the result of
interprandial remodeling. There are well-defined preferences for particular fatty acids in the
process of mobilization from white adipose tissue in rats (9, 10) and rabbits (11). In vitro studies
with rat adipocytes under conditions of stimulated lipolysis show that for a given fatty acid
chain length, relative mobilization [calculated as the percentage of a particular fatty acid in
total nonesterified fatty acid (NEFA) released from the cells divided by the percentage of that
fatty acid in adipocyte triacylglycerol] increases exponentially with increases in unsaturation (9).
However, for a given degree of unsaturation, relative mobilization decreases as chain length
increases (9). These differences in relative mobilization were also shown in humans after an
overnight fast (12). Again, though, it is not clear how a preferential loss of unsaturated fatty
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acids would lead to an enrichment of MUFAs in adipose tissue triacylglycerol.” (Summer, L.K.M.
et. al.).
Differences in Fatty Acid Composition of Adipose Tissue in different parts of the body: “The
study of animal fat showed over a century ago that superficial (subcutaneous) fat is softer than
deep (visceral) fat depots. The greater exposure of superficial fat to lower ambient
temperatures requires higher concentrations of unsaturated fatty acids to maintain optimal
fluidity and function....we and others claimed that, like in animals, human visceral fat is more
saturated than subcutaneous fat, with a higher proportion of stearic acid and lower proportions
of palmitoleic and oleic acids....central adiposity is positively associated with n-6 PUFAs and
inversely with MUFAs and n-3 PUFAs in adipose tissue...site-related differences in adipose
tissue composition may not only be linked to how deep the fat depot is located but also to a
more specific regional distribution....Visceral fat is normally exposed to physiological
temperatures (37°C), and therefore it needs a higher melting point to maintain its
physiochemical properties in a semisolid, semifluid state. On the other hand, subcutaneous fat
needs to have a lower melting point as it is also exposed to lower temperatures, and
consequently contains a greater proportion of unsaturated lipids to maintain its optimal
physiological state...[although]...the mechanisms underlying fatty acid profile in adipose tissue
should be more complex than simply consisting of a response to surrounding and
environmental temperatures.” (Watson, R.R. p. 493).
“Fatty acids are released from adipose tissue TAG stores by the action of lipases into the venous
effluent [60] and are transported in plasma as a complex with albumin...Although it has been
found that there is some selectivity of fatty acid release, the arterial composition has been
found to reflect the release of fatty acid species from abdominal subcutaneous adipose tissue
within subjects [63]. It should be noted however, that the concentration of 16:0 and 18:0 were
higher (19 lmol/l and 27.4 lmol/l, respectively) than predicted [63]. This is in agreement with a
study in 42 men that reported 5% and 7% higher values for 16:0 and 18:0, respectively, in
plasma NEFA than in subcutaneous adipose tissue [64]. Nevertheless, they reported significant
correlations between adipose tissue and fasting plasma NEFA for PUFA and MUFA. They found
a particularly close correlation (r = 0.96) for 18:2 n-6. Furthermore, Leaf et al. [65] have
reported significant correlations between the proportion of 18:1 n-9 in adipose tissue and in
plasma NEFA (r = 0.65) and even stronger correlations for the n-3 fatty acids 20:5 n-3
(eicosapentaenoic acid) (r = 0.87) and 22:6 n-3 (docosahexaenoic acid) (r = 0.87) in a group of
15 men and women, half of whom had taken a fish oil supplement for the previous 12 months.”
(Hodson, L. et. al. 2008 pp. 353-354).
“Significant positive correlations between the relative intake of dietary PUFA and the relative
content of adipose tissue n-6 and/or n-3 or total PUFA have been noted [23,33,37,42,43,49,
50,146,149–155] (Tables 7 and 8). Like PUFA, it has been reported that trans fatty acids in
adipose tissue correlate with dietary intake [33,40].
There is greater variability in reported associations between dietary SFA or MUFA and adipose
tissue content, with associations ranging from r = 0.03–0.65....Relatively strong associations
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between intakes of specific dairy products with the 15:0 and 17:0 (heptadecanoic acid) content
of adipose tissue have sometimes been reported [157–160], even though 15:0 and 17:0 are
present in low concentrations in adipose tissue. The content of 15:0 and 17:0 in adipose tissue
is typically 0.39 and 0.36 mol%, respectively [160].” (Hodson, L. et. al. 2008 p. 359).
“Percentages of fatty acids in adipose tissue were significantly correlated with the percentage
of total fat intake for polyunsaturated fatty acids, n-3 fatty acids of marine origin, and trans
fatty acids but not for saturated and monounsaturated fatty acids....These data suggest that
intakes of polyunsaturated fatty acids, including n-3 fatty acids, and trans fatty acids are
reflected in the adipose tissue but that intakes of saturated and monounsaturated fatty acids
are not.” (London, S.J. et. al.).
“Changing the source of dietary lipids means changing which fatty acids are available within the
organism, and therefore the composition and metabolic function of adipose tissue, as
evidenced by studies with animal models. For instance, experiments with rats, mice, broiler
chickens, and guinea pigs demonstrate that the linoleic acid content of body fat increases along
with its presence in the diet. Similarly, diets with a higher content of trans fatty acid-rich
sources alter adipose tissue lipid composition. The discovery of the beneficial effects of n-3
PUFAs in relation to cardiovascular health led to considerable interest in studying their
presence in adipose tissue and its relationship with dietary intake; a strong positive correlation
between their concentration in the diet and in adipose tissue was found in animal [rat] models.
The dietary content of SFAs and MUFAs can also influence adipose tissue composition, although
the relationship is not as strong as that observed with PUFAs.” (Watson, R.R. p. 491).
“Of interest and as extensively reviewed by Bergouignan et al. [82], MUFA is the primary fat
composing adipose tissue, however, there appears to be no direct relation between MUFA
intake and MUFA levels in adipose. Rather SFA intake seems to be more closely associated with
endogenous MUFA levels [108, 109]. Bergouignan et al. [82] hypothesized that in vivo
desaturation of SFA may be related to an increase in MUFA versus SFA in adipose tissue.
Furthermore, OLA preferentially accumulates in subcutaneous fat versus visceral fat, whereas
the reverse exists with palmitate [110, 111]. Thus, since a direct correlation exists between
visceral fat and risk factors for metabolic syndrome [112], OLA concentrating in subcutaneous
fat versus visceral fat may be less atherogenic. Moreover, dietary MUFA may be preferentially
oxidized as compared to other dietary fatty acids, as the degree of fatty acid chain length and
unsaturation may contribute to the partitioning of dietary fat to energy expenditure versus
energy storage [107, 113–116]. Furthermore, the metabolism of dietary fat stimulates
behavioral changes in food intake preference [117]. Indeed, evidence suggests that different
dietary fats may elicit varying effects on satiety and total energy intake [118]. Taken together,
dietary MUFA consumption is associated with maintenance of body weight and favorable shifts
in reducing central body fat adiposity, potentially ameliorating obesity risk.” (Gillingham, L.G.;
Harris-Janz, S.; Jones, P.J.H.).
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“An analysis of fatty acid composition in the adipose tissue of Spanish and Greek populations
found high percentages of oleic acid. These populations are well known for the high
consumption of olive oil in their diets.” (Watson, R.R. p. 492).
“EPA and DHA prevent excessive adiposity and insulin resistance in rodents. Mechanistically,
this is related to the ability of these fatty acids to increase hepatic, skeletal muscle, and adipose
tissue fatty acid oxidation and their ability to reduce lipogenesis. EPA and DHA also have
important antiinflammatory properties that modulate adipose tissue inflammation via GPR120mediated suppression of macrophage proinflammatory cytokine secretion, resolvin, and
protectin-mediated resolution of inflammation. Through modulation of adipokine secretion,
these fatty acids also favor insulin sensitivity. Further studies in obese humans are warranted to
study whether these fatty acids can prevent and reverse the progression of metabolic
syndrome to type 2 diabetes.” (Kalupahana, N.S.; Claycombe, K.J.; Moustaid-Moussa, N.).
“Fish oil intake was a significant predictor of fasting insulin and insulin resistance after 8 weeks,
and this finding remained significant even after including weight loss, triacylglycerol reduction,
increased LC n-3 PUFA in membranes or adiponectin changes as covariates in the statistical
analysis. Weight loss was also a significant predictor of improvements.
Conclusions/interpretation -- LC n-3 PUFA consumption during energy reduction exerts positive
effects on insulin resistance in young overweight individuals, independently from changes in
body weight, triacylglycerol, erythrocyte membrane or adiponectin.” (Ramel, A. et. al.).
“The mechanism responsible for the possible fish oil-induced prevention of insulin resistance is
unclear, but different studies have demonstrated a strong association between elevated
triacylglycerol concentration (plasma and/or tissues) and insulin resistance. In animal models,
insulin resistance is significantly correlated with hepatic or plasma triacylglycerol content. Fish
oil intake has been shown to decrease plasma and liver triacylglycerol levels and VLDLtriacylglycerol secretion, and to suppress postprandial hypertriacylglycerolaemia. Increasing
evidence also suggests that the fatty acid composition of membrane phospholipids of insulin
target tissues, such as liver, fat pad and skeletal muscle, is a critical factor that influences both
insulin secretion and its biological actions (e.g. changes in membrane fluidity, diacylglycerol
second messenger function). The fatty acid profile of muscle membrane phospholipids has
been associated with insulin sensitivity in rodents and humans. These studies demonstrated a
positive correlation between a high content of LC n-3 PUFA and insulin sensitivity.” (Ramel, A.
et. al.).
“...research has long suggested that the consumption of certain trans isomers of fatty acids has
detrimental health effects, such as impairing platelet aggregation, inhibition of elongation, and
desaturation of essential fatty acids (and thus a reduction in the availability of long-chain
PUFAs). Several studies have shown that consumption of these trans fatty acids is linked to
their storage in adipose tissue, and how a chronic intake can alter lipid metabolism leading to
decreased fat storage in adipose tissue, an effect probably linked to diminished insulin
sensitivity.” (Watson, R.R. p. 492).
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“The specific fatty acids stored in human adipose tissue (saturated, monounsaturated and
unsaturated) reflect dietary intake. There is debate about the contribution of DNL (de novo
lipogenesis) to adipose tissue fat stores but, at the whole-body level, DNL only operates
significantly when carbohydrate intake exceeds energy requirements. Isotopic data suggest that
approx. 10% of adipose tissue triacylglycerol fatty acids arise from DNL....In addition, the liver
has the enzymatic capacity for DNL, the synthesis of fatty acids from glucose and other nonlipid precursors. DNL makes a small contribution in people on a typical, western relatively highfat diet, but it becomes activated during a high-energy diet rich in carbohydrate.” (Frayn, K.N.;
Arner, P.; Yki-Jarvinen, H.).
“...for both SFAs (myristic, palmitic, and stearic) and MUFAs (palmitoleic, oleic, and vaccenic),
studies showed a weaker relationship between the percentages of these fatty acids in the diet
and in adipose tissue. SFAs and MUFAs are the most abundant fatty acids in adipose tissue and
are also present in high proportions in most habitual diets. In addition, any excess
carbohydrate or protein intake, as well as alcohol intake, will eventually find its way to the form
of fatty acids to be stored in fat depots, mainly in the form of saturated fats. Endogenous
interconversion among fatty acids of these families can also determine their concentrations in
adipose tissue. However, as mentioned earlier, in populations with a high intake of MUFAs (e.g.
Mediterranean populations), a stronger relationship can be found between intake and adipose
tissue content. According to Beynen and colleagues, certain fatty acids appear in either smaller
or greater percentages in adipose tissue than in the diet. For example, the presence of lauric,
myristic, stearic, and linoleic acids in the diet normally exceeds that in adipose tissue; in
contrast, palmitoleic and oleic acids are more abundant in tissue than in the diet. In addition, if
PUFA consumption exceeds 30% of total dietary fat, this will not be translated into adipose
tissue fatty acid profile, indicating that the diet has a limited ability to affect adipose tissue
composition.” (Watson, R.R. pp. 492-493).
“Note that, although linoleic acid in all tissues is a suitable marker of intake, other (n-6) fatty
acids including arachidonic acid were not correlated with intake....These data confirm those
from previous studies suggesting that arachidonic acid in tissues is metabolically controlled and
levels do not depend on dietary intake, and that different pools of arachidonic acid in the body
do not interchange easily (41–43). Saturated and monounsaturated fatty acids in tissues are not
expected to accurately reflect intake in observational studies. However, odd-chain saturated
fatty acids (15:0 and 17:0) from dairy products that are not endogenously synthesized may
reflect to some extent dietary intake, as supported by our results on 15:0 fatty acids and
previous studies in this and other populations (7, 44–46).” (Baylin, A. et. al.).
“In contrast to AA [arachidonic acid], our DHA status seems rather sensitive to the fluctuation
of dietary intakes....AA and DHA surpluses become distributed differently among the body’s
lipid classes. EPA and DHA may be incorporated into both phospholipids and adipose tissue
triglycerides (12), but this is much less the case for AA (10). An AA surplus is notably to be found
in phospholipids, either as AA or its chain elongation product 22:4(n-6) fatty acid (10). The
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storage of AA in phospholipids and not triglycerides might protect us from the unregulated
release of free AA by the activity of hormone sensitive lipase and indeed the AA content of
plasma-free fatty acids is only marginally altered after AA supplementation (10).” (Muskiet,
F.A.J. et. al. pp. 183-184).

Metabolism & Storage of n-3 PUFAs in adipose tissue: “Sinclair and Gale (7) reported that
consumption of an Eskimo diet led to only a small accumulation of 20:5n−3 in adipose tissue
over 100 d, and Wood et al (6) claimed that 20:5n−3 is not stored in adipose tissue (6). More
recent studies, however, showed that they are clearly present in adipose tissue triacylglycerol,
in amounts that reflect habitual fish intake (4, 24, 36). Although net storage of n−3 PUFAs in
adipose tissue in this acute experiment was low relative to that of other fatty acids, it certainly
occurred. It seems, therefore, that storage of n−3 PUFAs is relatively slow and that to some
extent they cycle through other lipid pools before storage. In the present study it was clear that
a proportion of the n−3 PUFAs released by the action of adipose tissue LPL was delivered as
plasma NEFA (Figure 4⇑) and the concentrations of nonesterified n−3 PUFAs increased from <1
μmol/L in the fasting state to an average of 18 μmol/L at 360 min after the meal. These fatty
acids would be available for hepatic uptake and potential recycling in lipoproteins.” (Summers,
L.K.M. et. al.).
“Ingestion of n-3 PUFA will lead to their distribution to virtually every cell in the body with
effects on membrane composition and function, eicosanoid synthesis, and signaling as well as
the regulation of gene expression (11-14)....” (Jump, D.B.).
“When repeated, fasting/refeeding or weight cycling induces a gradual increase in the
proportion of saturated and monounsaturated compared with PUFAs in tissues, especially body
fat. This shift occurs because of the increase in fatty acid synthesis, easier oxidation of
polyunsaturates, and the inhibition of desaturation and chain elongation by fasting. The
implications of such an alteration in tissue fatty acid profiles have not yet been extensively
studied, but probably involve changes in insulin sensitivity and other hormone effects.”
(Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 111).

The Relationship between Fatty Acids in Adipose (FAT) Tissue & in Blood Lipids:
“...different studies have shown that adipose tissue fatty acids are in a state of constant
mobilization, regardless of whether the individual is losing or gaining weight. Phinney and
colleagues demonstrated back in 1990 that the rate of fatty acid mobilization is higher than that
of oxidation; net oxidation would thus result from the difference between lipolysis and
reesterification of fatty acids. This continuous mobilization has an influence on plasma fatty
acid composition and, therefore, on cardiovascular diseases....Since the early 2000s, our own
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group has conducted research showing that subcutaneous and visceral abdominal fat depots
differ significantly not only in their fatty acid composition but also in the way this is associated
with plasma lipid profile, with visceral adipose tissue having a greater number of significant
associations. In particular, adipose tissue levels of oleic acid (18:1n-9) and n-3 PUFAs negatively
correlated with plasma triglyceride and apolipoprotein B (ApoB) levels. For their part, stearic
(C18:0) and eicosapentaenoic (C20:5n-3) acids positively correlate with high-density lipoprotein
cholesterol and ApoA levels; consequently, these fatty acids appear to be cardioprotective. In
contrast, myristic acid (C14:0) is associated with lower ApoA levels and therefore appears
potentially atherogenic.” (Watson, R.R. p. 497).
The Mobilization, Release, Re-uptake, Oxidation, and Carbon Recycling of Stored Fatty Acids:
Which Fatty Acids are Stored and which are Oxidized (i.e. Burned for Energy)? Structure of Fat
determines Storage or Oxidation:
“...research is suggesting that the type of fat consumed influences the partitioning of dietary fat
for either energy or storage [3], [4], [5], [6] and [7]. In particular, the degree of long chain fatty
acid unsaturation is proposed to influence the channeling of dietary fat toward either
immediate oxidation or storage.” (Jones, P.J.H.; Jew, Stephanie; AbuMweis, Suhad).
“...the level of dietary fat saturation has been shown to be an important factor in determining
fat oxidation rates in the body. A study in which human subjects were fed C13 labeled fatty
acids with similar carbon chain lengths but differing degrees of saturation observed that the
highest recovery of C13 from the breath over a 24 hour period (indicating higher oxidation
rates) followed the consumption of MUFA (oleic acid; C18:1), followed by PUFA (linoleic acid;
C18:2n-6), and the least occurred with SFA (stearic acid; C18:0). Observations from this study
were later confirmed by another study, which also found higher oxidation rates of MUFA (oleic
acid) and PUFA (alpha-linolenic acid; C18:3n-3). However in a more recent study, PUFA (linoleic
and alpha-linolenic acids) were observed to be more rapidly oxidized than MUFA (oleic acid),
which in turn were oxidized faster than SFA (stearic acid) during a 9 hour measurement period.
Overall, the postprandial oxidation rates of unsaturated fats appear to be higher than those of
SFA....Findings from an acute human feeding study showed a similar trend: diets high in PUFA
and MUFA increased fat oxidation (albeit not in a statistically significant manner), in contrast to
decreased fat oxidation observed with a high SFA diet. In a short-term study, replacing 6 g of
visible fat with PUFA as fish oil for 3 weeks also successfully and significantly increased fat
oxidation in humans...Together, the findings of these studies suggest that fat oxidationenhancing effects of PUFA and MUFA can be maintained over the short and longer terms.”
(Watson, R.R. pp. 419-420).
It is a common misconception that SFAs are preferred fatty acid fuels because their breakdown
is simpler and more efficient than that of MUFAs or PUFAs. However, studies have shown that
in spite of this, PUFAs and MUFAs are more readily oxidized than SFAs.... “Another factor that
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influences the composition of adipose tissue is the types of fatty acids that are mobilized for
oxidation....SFAs are the preferred oxidation substrates because unsaturated fatty acid
catabolism requires more complex enzymatic machinery and is less efficient in terms of net
energy yield.” (Watson, R.R. p. 494).
“B-Oxidation of saturated fatty acids appears to be simpler than oxidation of unsaturated fatty
acids because, before the acetyl-CoA cleavage, it involves the formation of a trans double bond
two carbons from the CoA. In contrast, B-oxidation of unsaturated fatty acids yields a double
bond in a different position that then requires further isomerization or hydrogenation. From a
biochemical perspective, this extra step appears to make the oxidation of unsaturated fatty
acids less efficient than that of saturated fatty acids. However, abundant in vivo and in vitro
research in both humans and animals clearly shows that long-chain cis-unsaturated fatty acids
with one to three double bonds (oleate, linoleate, alpha-linolenate) are more readily B-oxidized
than saturated fatty acids of equivalent chain length, such as palmitate and stearate. The
oxidation of PUFA and monounsaturates in preference to saturates has potential implications
for chronic diseases such as coronary artery disease because their slower oxidation implies
slower clearance from the blood, thereby providing more opportunity for esterification to
cholesterol and subsequent deposition in the vessel wall.” (Gibney, M.J.; Lanham-New, S.A.;
Aedin, C.; Hester, V.H. p. 107).
“Using FA labelled with radioactive or stable isotopes, it was shown in both rats [39], [40], [41],
[42] and [43] and humans [23], [44] and [45] that dietary fat oxidation vary according to the
nature of the FA acutely ingested (Table 1). The short- and medium-chain FA and the
unsaturated oleate (18:1) and linoleate (18:2) are more rapidly and greater oxidized than the
long-chain FA and the SFA palmitate (16:0) and stearate (18:0). For example, in humans, the
cumulated oxidation over a 9 h-test period was 41%, 18%, 16%, 13% for laurate (12:0), oleate,
palmitate and stearate, respectively....Taken together these studies have demonstrated an
acute differential oxidation of FA that is function of their chemical structure in both human and
animals: SFA being less oxidized than unsaturated fatty acids. Interventional studies further
demonstrated that such differential oxidation affects body weight and composition.”
(Bergouignan, A. et. al.).
“Thus, regardless of the experimental design or the species studied, there is broad agreement
that the rank order of oxidation of the common dietary fatty acids (highest to lowest) is alphalinolenate>linoleate>oleate>palmitate>stearate. The differences between linoleate and oleate
are small and not consistent between studies so they cannot be relied upon. However, the
average rate of beta-oxidation of alpha-linolenate is nearly double that of linoleate or oleate.
In all but one study, linoleate oxidation was about 50% greater than that of palmitate.
Palmitate oxidation is generally reported as approximately double that of stearate. Oxidation
of other fatty acids such as eicosapentaenoate (20:5 omega-3), arachidonate or
docosahexaenoate is rarely reported and has been excluded from this comparison.” (Cunnane,
S.C. 2004).
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“...the relatively rapid oxidation of linoleate and alpha-linolenate seems not to be a property of
either arachidonate or docosahexaenoate.” (Cunnane, S.C. 2003).
“Once absorbed, it would appear that fatty acid chain length and degree of unsaturation exert
modest effects on oxidation which are most apparent in the early postprandial period. Such
differences in the handling of these fatty acids may play a role in the differing metabolic effects
of fatty acids on circulating lipids and lipoproteins.” (Jones, A.E. et. al.).
“Therefore, considerable data in animals, and some data in humans, show that the short- and
medium-chain fatty acids, oleate, and linolenate are oxidized rapidly, whereas the long-chain
saturated fatty acids palmitate (16:0) and stearate are oxidized more slowly....Thus, the data in
animals and humans are consistent with the idea that the medium-chain fatty acids (8–14
carbons), oleate, and linolenate are rapidly oxidized, whereas the long-chain saturated fatty
acids palmitate and stearate are oxidized more slowly.” (DeLany, J.P. et. al.).
“In summary, this study is the most complete investigation to date [as of 2000] of the oxidation
of individual fatty acids in humans. Laurate, a medium-chain fatty acid, was the most highly
oxidized fatty acid, followed by the unsaturated fatty acids; the long-chain saturated fatty acids
were the least oxidized. For the saturated fatty acids, oxidation was inversely related to carbon
length. Of the unsaturated fatty acids, the n-3 fatty acid linolenate was the most highly oxidized
and linoleate was the least oxidized.” (DeLany, J.P. et. al.).
“As shown in Table 1 overall, the order of preference for oxidation appears to be
PUFA>MUFA>SFA. A secondary hierarchy may exist between fatty acids within the same class of
saturation; for example, shorter chain saturated fatty acids may be oxidized to a greater extent
than longer chain fatty acids [47,55], but significant differences in oxidation between fatty acids
of different chain lengths are not consistent across studies [56].” (Lambert, J.E.; Parks, E.J.).
“A human feeding study in which the ratio of polyunsaturated to saturated fatty acids in the
diet was altered suggested that polyunsaturated fatty acids are more highly oxidized than are
saturated fatty acids (21). These results confirm our findings of relatively high oxidation of the
polyunsaturated fatty acids linolenate and linoleate. Unsaturated fatty acids, particularly at the
usual low dietary levels, may be transported from the intestine directly to the liver via the
portal system (22, 23).” (DeLany, J.P. et. al.).
“Animal [8] and human [3] and [4] studies have revealed a pattern of selective oxidation of long
chain unsaturated fatty acids over long chain saturated fatty acids. However, differences
between the various unsaturated fatty acids are less clear. Some animal studies [9], [10],
[11] and [12], but not others [8] and [13], suggest that oleic acid is more rapidly diverted for
energy use compared with linoleic acid. Similarly, the data from human studies using isotopic
tracer methodologies have revealed inconsistent observations....Thus, human studies show
inconsistent evidence regarding whether unsaturated fatty acids respond differently in their
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partitioning of fatty acid storage and oxidation on the basis of fatty acid structure. An
explanation for this inconsistency may be related to the method used to measure fatty acid
oxidation in the previous studies.” (Jones, P.J.H.; Jew, Stephanie; AbuMweis, Suhad).
“While saturated and monounsaturated fats have similar plasma trafficking and clearance,
physical inactivity affects the partitioning of saturated fats toward storage, likely leading to an
accumulation of palmitate in muscle fat....As in men, inactivity decreases saturated but not
monounsaturated fatty acid oxidation....The present study clearly shows that extreme physical
inactivity, independent of its effects on energy balance, impacts the partitioning of saturated
fatty acids toward storage versus oxidation likely via a preferential accumulation of palmitate in
muscle fat. Additionally, saturated and monounsaturated fatty acids present a similar
absorption rate, trafficking, and uptake by peripheral tissues independently of the physical
activity level.” (Bergouignan, A. et. al. Feb 2009).
“Carbon recycling is the process by which acetyl-CoA derived from beta-oxidation of one fatty
acid is incorporated into another lipid instead of completing the beta-oxidation process to
carbon dioxide. In principle, all fatty acids undergo this process to some extent but it is most
clearly evident for two PUFAs, linoleate and alpha-linolenate....carbon recycling appears to be a
ubiquitous feature of the metabolism of PUFA, although its biological significance is still
unclear.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 107).
“We summarize here the evidence indicating that carbon from α-linolenate and linoleate is
readily recycled into newly synthesized lipids. This pathway consumes the majority of these
fatty acids that is not β-oxidized as a fuel. Docosahexaenoate undergoes less β-oxidation and
carbon recycling than do α-linolenate or linoleate, but is it still actively metabolized by this
pathway? Among polyunsaturates, arachidonate appears to undergo the least β-oxidation and
carbon recycling, an observation that may help account for the resistance of brain membranes
to loss of arachidonate during dietary deficiency of n-6 polyunsaturates.” (Cunnane, S.C. et. al.).
“This paper summarizes the emerging literature indicating that at least two polyunsaturated
fatty acids (PUFA; linoleate, alpha-linolenate) are moderately ketogenic and that via ketones
bodies significant amounts of carbon are recycled from these fatty acids into de novo synthesis
of lipids including cholesterol, palmitate, stearate and oleate. This pathway (PUFA carbon
recycling) is particularly active in several tissues during the suckling period when, depending on
the tissue, >200 fold more carbon from alpha-linolenate can be recycled into newly synthesized
lipids than is used to make docosahexenoate.” (Cunnane, S.C. 2004).
“Evidence is emerging from several laboratories that β-oxidation normally consumes the
majority of linoleate (LA; 18:2n-6) and α-linolenate (ALA; 18:3n-3) intake. This evidence takes
several forms. Tracer and whole-body fatty acid balance studies show that β-oxidation of LA
and ALA normally accounts for 65–85% of their intake, a figure that can rise to >100% during
energy deficit. Among the common dietary fatty acids, ALA is a preferred substrate for β-
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oxidation in isolated mitochondria and for ketogenesis in isolated hepatocytes. Because
ketones are not only important fuels but also the main substrates for lipid synthesis in
neonates, β-oxidation of LA and ALA at this stage in life appears to have two significant end
points, i.e., (i) use as a fuel, and (ii) use as ketogenic substrates for lipid synthesis.” (Cunnane,
S.C. et. al.).
“Whether the model is the rat or the human, the data are similar, i.e., LA and ALA oxidation is
normally 65–85% of intake, which exceeds that of all other common dietary fatty acids with the
exception of oleate (18:1n-9). In most of these studies, the rate of ALA oxidation exceeded that
of LA by 25–50%. Taken collectively, these various approaches have, to date, left no doubt that
β-oxidation is always the predominant route of LA and ALA utilization in the body. They have
also shown that β-oxidation of LA or ALA during energy deficit (fasting, long-term weight loss)
or zinc deficiency can exceed their respective intake by a factor of at least 2 in both humans and
rats (4,9,11), making tissue loss of LA or ALA under these conditions faster than via their
elimination from the diet (traditional deficiency studies).” (Cunnane, S.C. et. al.).
“For nearly 30 years now, tracer studies with 13C or 14C labeled linoleate or alpha-linolenate
have demonstrated that carbon from these two PUFA is actively incorporated into cholesterol
and non-EFA in amounts that can easily exceed the amount incorporated into the respective
long chain PUFA. The amount of carbon recycled into de novo lipogenesis varies with age, the
tissue studied and the experimental conditions....This quantitatively important but perhaps
surprising metabolic pathway is called “PUFA carbon recycling.’ It has been most commonly
reported as occurring in neonatal rats and primates using alpha-linolenate as the starting
tracer. However, adult rats, including those severely depleted of omega-6 PUFA, also actively
recycle 14C-linoleate into palmitate, stearate, oleate and cholesterol. Thus while carbon
recycling may be more developed in neonates, it also occurs in adults. The fact that linoleate
carbon recycling even occurs in rats severely depleted of omega-6 PUFA suggests this pathway
does not occur simply as a way of disposing of excess dietary or tissue linoleate (or alphalinolenate) but, rather, is obligatory in the metabolism at least of 18 carbon PUFA.....Why
oxidize or otherwise consume valuable EFA carbon in the synthesis of non-EFA even under
circumstances when that EFA (linoleate) is extremely limiting due to severe and prolonged
dietary omega-6 PUFA deficiency? WHY oxidize DHA, which is in great demand during early
development, and recycle it into palmitate, stearate and oleate even when there is no dietary
DHA present? It may be unavoidable for all PUFA to undergo some degree of oxidation but
carbon recycling short-circuits oxidation before the acetyl CoA gets to CO2 and sees it
recovered in newly synthesized lipids (and perhaps many other molecules that have not yet
been identified or studied). What results is a largely nonsensical situation in which EFA
(including DHA) are actively used to make non-EFA.” (Cunnane, S.C. May 2003).
“The recycling of carbon from 18:3n-3 into SFA and MUFA has been suggested to be important
as a source of fatty acids in pregnant and foetal monkeys and rats. There is one report, which
describes recycling of carbon released by Beta-oxidation of 18:3n-3 in adult
humans....Comparison of the amount of 13C recycled into SFA and MUFA with that
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incorporated by desaturation and elongation of 18:3n-3 into longer-chain PUFA in plasma over
21 days showed marked differences between men and women. In men, carbon recycling into
SFA and MUFA greatly exceeded conversion to longer-chain PUFA, while in women the amount
of carbon recycled into SFA and MUFA was about 1/5 of that recovered in n-3 PUFA. One
implication of these findings is that the extent of partitioning of 18:3n-3 towards Beta-oxidation
and carbon recycling may be an important control point in the regulation of the availability of
18:3n-3 for conversion to longer-chain PUFA and that the relative partitioning between these
metabolic fates differs markedly between men and women....Together these data strongly
support the suggestion that sex hormones, in particular oestrogen, regulate the activity of the
desaturation/elongation pathway in humans. One possible biological role for greater capacity
for 18:3n-3 conversion in women may be in meeting the demands of the foetus for 22:6n-3
which has been estimated as at least 400 mg DHA per week during the third trimester.”
(Burdge, G.C. 2006).
Conversion to longer-chain n-3 PUFAs: “Alpha-linolenic acid is partially converted to EPA in
humans (8–20%), while conversion rates of ALA to DHA are estimated at 0.5–9%. The sex
difference in metabolism is well known. Studies in women of reproductive age showed a
substantially greater (2.5-fold) rate of conversion of ALA to EPA than that measured in healthy
men. Thus, the ability to produce long-chain metabolites is gender dependent. It appears that
women have a lower partitioning of ALA to b-oxidation, leaving more of it available for
conversion to EPA. Other possible explanations include a direct effect of estrogen on
conversion rates. Gender differences have also been observed in the conversion rates of ALA
to DHA. In males it is estimated that only 0.5–4% of ALA is converted to DHA while in females
the rates are thought to be as high as 9%. It is hypothesized that demands for DHA by the fetus
during pregnancy may stimulate female physiology to more readily synthesize this fatty acid.”
(Stark, A.H.; Crawford, M.A.; Reifen, R.).
“Were it not for the pioneering observations in 1975 on the appearance of 14C from LA and
ALA in brain palmitate, oleate, and cholesterol [as well as in the expected products,
arachidonate (20:4n-6) and docosahexaenoate (DHA; 22:6n-3), respectively] in suckling rats
(12–14), we might still be directing our attention concerning β-oxidation of PUFA only toward
their use as fuels. However, those reports and others that followed (15–17) using the 14C and
13C methodology made it abundantly clear that a significant component of the carbon from LA
and ALA that was not completely β-oxidized was recovered in lipids synthesized de novo.
Carbon from an oxidized fatty acid is incorporated into newly synthesized cholesterol or fatty
acids via acetyl CoA or via the ketone body, acetoacetate (18).” (Cunnane, S.C. et. al.).
“Given that PUFA are extensively β-oxidized and that carbon recycling occurs to a greater or
lesser extent in all mammalian species and at all ages, it is reasonable to ask why this is so.
Other essential nutrients such as indispensable amino acids are also oxidized and presumably
must therefore also undergo some amount of carbon recycling. The carbon from other
important molecules such as glucose has innumerable metabolic destinations. Hence, the
carbon from many nutrients is widely distributed in other metabolites. For several reasons, we
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are not convinced that simply “participating in intermediary metabolism” is all there is to βoxidation and carbon recycling of PUFA.
First, LA and ALA are clearly the most easily β-oxidized of the common dietary long-chain fatty
acids (Table 1). If LA and ALA were simply participating in metabolism, we would not expect this
hierarchy, especially because removal of their double bonds before cleaving off two carbons
during their β-oxidation requires more enzyme-dependent steps than for oxidizing a saturated
fatty acid. In theory, this should make their β-oxidation slower, not faster, than that of
saturated fatty acids such as palmitate.
Second, both LA and ALA have longer-chain fatty acid products (AA and DHA, respectively) that
are more important in membranes than either LA or ALA themselves. Nevertheless, LA and ALA
compete with LC-PUFA for incorporation into the same membrane phospholipids. Because
absorption from the gut does not particularly favor one PUFA over another, one way to make
sure that LA and ALA do not compete excessively with AA or DHA for incorporation into
membrane phospholipids would be to have a safe and effective way of getting rid of them, i.e.,
relatively rapid β-oxidation.
Third, LA, but more especially ALA, is quite easily peroxidized, at least in in vitro systems.
Depending on the amount of PUFA consumed relative to the growth rate, neonates could have
low antioxidant reserves; thus, active disposal of LA or ALA through β-oxidation could
effectively reduce this potential risk of free radical toxicity. Such a problem (and solution) might
explain more rapid β-oxidation but would not really explain why extensive carbon recycling of
LA and ALA would also occur.
Fourth, rapid fatty acid β-oxidation leads to ketone body production, and LA and ALA are
moderately ketogenic relative to other long-chain fatty acids (19). For reasons that are
unknown, newborn infants are normally in a state of chronic, mild ketonemia (28). Ketone
bodies are implicated in reducing the risk of seizure (see Ref. 29 for a review), to which infants
are especially susceptible. Ketone bodies may be essential brain fuels in the fetal and neonatal
period in many species including humans (30–32) and are the preferred substrates for brain
lipid synthesis (33–37). Our data show that within 48 h of dosing in suckling rats, β-oxidation
consumes >80% of 13C-ALA (Fig. 1), and carbon recycling into brain cholesterol consumes 10–
13 times more carbon from ALA than does DHA (Fig. 2). Hence, at least in neonates, β-oxidation
of ALA is an efficient means of generating ketone bodies needed in other aspects of brain
growth.” (Cunnane, S.C. et. al.).
“...this concept is paradoxical given the essentiality of these highly unsaturated
polyunsaturated fatty acids. Intriguingly, carbon from oxidized linoleic and alpha-linolenic acid
is extensively recycled into de novo synthesis of long-chain fatty acids and cholesterol. This
pathway is particularly evident in the brain during early development (Cunnane et. al., 2003),
but is quantitatively important even when intake of these parent polyunsaturates is severely
deficient.” (Erdman, J.W., Jr.; MacDonald, I.A.; Zeisel, S.H.).
“The teleological question remains: Why recycle PUFA into newly synthesized lipids? Why
oxidize any fatty acid to synthesize another one, or to synthesize cholesterol? We suggest three
possible reasons. First is the unique problem of brain lipid synthesis....ALA and LA function as
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indirect substrates for all of the brain’s lipid components (LC-PUFA, saturates,
monounsaturates, cholesterol), not just LC- PUFA. Second is the important problem of
balancing membrane lipid composition. Lipids vary widely in their ability to “rigidify” (stiffen) or
“fluidize” (soften) membranes. PUFA tend to fluidize, whereas cholesterol tends to rigidify
membranes, especially in model systems. These differences arise from the amount of intrinsic
motion within the lipid molecule, with saturated fatty acids and cholesterol having less motion
than PUFA....in the brain where there would seem to be relatively little margin for error in
membrane composition to sustain normal neuronal function. Indeed, the brain appears to be
the organ with the most resistance to changing membrane PUFA or cholesterol content during
manipulation of dietary PUFA or cholesterol. This resistance is probably achieved by exerting
nearly total control of membrane lipid composition via endogenous lipid synthesis....The added
cholesterol is synthesized endogenously, mostly from ketone bodies. PUFA such as ALA
contribute carbon to a greater or lesser extent to this process. This is one example of why it
would be advantageous for ALA to simultaneously contribute carbon to both DHA and
cholesterol synthesis....In conclusion, β-oxidation and carbon recycling are quantitatively
dominant pathways of LA and ALA metabolism, especially during early development. Hence,
they are integral to the utilization of these two 18-carbon PUFA. We have speculated on why
this is so but, as yet, little hard evidence exists to support these speculations. Our reasoning is
that there are limits to the optimal range for 18-carbon PUFA and LC-PUFA in membranes,
beyond which membrane function is likely to be impaired. Hence, although it is desirable to be
able to make DHA from ALA in the event that DHA is absent from the diet, it is also desirable to
limit this conversion and have a means of disposing of excess ALA....We therefore interpret the
biological utility of carbon recycling of 18-carbon PUFA, especially ALA, to be related to
sustaining an optimal membrane content of lipids including not only LC-PUFA such as DHA but
also cholesterol and saturated and monounsaturated fatty acids.” (Cunnane, S.C. et. al.).
“At first glance, rapid oxidation of linoleate and alpha-linolenate seems counterintuitive; why
would the two parent EFA be oxidized more rapidly than non-EFA? If dietary supplies are
limited, why aren’t EFA conserved relative to non-EFA, which can be obtained in the diet or
synthesized seemingly as required? Indeed, given the additional enzymatic steps in oxidation of
unsaturated fatty acids, oxidation of PUFA should be slower not faster than that of saturated
fatty acids because the double bonds have first to be moved and then removed prior to carbon
cleavage. Factors like differential activation by carnitine palmitoyl transferase probably explain
to a significant extent the rank order of oxidation of these fatty acids. More importantly, as we
shall see, the relatively rapid rate of oxidation of linoleate and alpha-linolenate plays a crucial
role in their homeostasis, a role that is receiving increasing attention and which will
undoubtedly lead to advances in our understanding of their nutritional importance.” (Cunnane,
S.C. May 2003).
“Whole body fatty acid balance analysis has been used to establish a growing body of evidence
showing that over 75% of dietary linoleate is normally completely oxidized....Again, this seems
counterintuitive; why would so much linoleate be oxidized? Is it a function of intake with the
excess being oxidized? The problem is knowing linoleate oxidation relative to its true
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requirement...the true dietary requirement for linoleate has probably been overestimated
owing to the use of combined omega-3 and omega-6 PUFA deficiency as the starting point for
such studies. At a dietary linoleate intake of 1% of energy, we have shown on several occasions
that upwards of about 75% of linoleate is normally completely oxidized....The same is true for
alpha-linolenate; at least 75% is oxidized when it is consumed at the apparent required level.
To be more certain, this needs further study using graded intakes of these PUFA, as is done with
the amino acid studies.” (Cunnane, S.C. May 2003).
“Whole body fatty acid balance studies bring to light the interesting point that various forms of
undernutrition can markedly stimulate oxidation of the two parent PUFA....It is surprising,
though, how actively linoleate and alpha-linolenate are utilized in this process. In fact, during
fasting/refeeding or weight cycling, they are sufficiently oxidized that tissue PUFA depletion
rapidly occurs in both animal and human models. Again, this is counterintuitive; in principle,
EFA should be conserved, at least depleted less rapidly or restored more rapidly than non-EFA.
This is not the case. Indeed, non-EFA (palmitate and oleate) are more rapidly replaced in
tissues after a period of fasting-refeeding or weight cycling than are linoleate, alpha-linolenate,
arachidonate or docosahexaenoate. Perhaps it is self-evident that if a fatty acid can be
synthesized endogenously or obtained from the diet, then it should be easier to replace in
tissues after a period of undernutrition than a fatty acids that can only be replaced from the
diet. Still, a fundamental contradiction arises when fatty acids of supposedly greater
importance to the body (EFA) are depleted more easily and replaced less easily in tissues than
fatty acids of supposedly no dietary importance.” (Cunnane, S.C. May 2003).
“I have a problem accepting that palmitate and oleate are non-EFA if indeed the body is
capable, after a period of food depletion, of replacing them in tissues faster not only than the
18 carbon PUFA but faster even than the arguably more important long chain PUFA,
arachidonate and docosahexaenoate. Clearly, the body faces a problem if it can only replace
linoleate and alpha-linolenate from the diet but can replace palmitate and oleate from the diet
or from endogenous synthesis. It is easier to reestablish normal tissue fatty acid levels if there
are two ways this can be done rather than by only one. Again, though, this argument misses
the point that having two ways to replace tissue content of a certain fatty acid suggests some
biological importance of that fatty acid in the diet, it seems intuitively unlikely that mammals
would possess the biochemical pathway to make them if they had no useful or important
biological role. This argument challenges the suitability of defining the need for a fatty acid on
the basis of whether or not it can be synthesized endogenously. Glucose is no less important
because it can be synthesized endogenously. Palmitate should likewise be considered no less
important than linoleate. We don’t know very much about what palmitate does but it is
present in most membranes at levels that match (or, in the case of the brain, greatly exceed)
those of linoleate...” (Cunnane, S.C. May 2003).
“Linoleate and α-linolenate are more rapidly β-oxidized and less easily replaced in tissue lipids
than the common ‘non-essential’ fatty acids (palmitate, stearate, oleate). Carbon from linoleate
and α-linolenate is recycled into palmitate and cholesterol in amounts frequently exceeding
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that used to make long chain polyunsaturates. These observations represent several problems
with the concept of ‘essential fatty acid’, a term that connotes a more protected and important
fatty acid than those which can be made endogenously. The metabolism of essential and nonessential fatty acids is clearly much more interconnected than previously understood.”
(Cunnane, S.C.).
“Second is the problem with fatty acids referred to as ‘non-EFA’, which usually encompasses
palmitate (16:0), palmitoleate (16:1omega-7), stearate (18:0), oleate (18:1omega-9), and
basically any other long chain fatty acids that are not omega-3 or omega-6 PUFA. Even
disregarding the problem with PUFA that should be non-EFA, calling these other fatty acids
non-EFA is conceptually short-sighted because linoleate, alpha-linolenate and other PUFA
including docosahexaenoate actually contribute significant amounts of carbon to the synthesis
of non-EFA....EFA actually contribute to the synthesis of non-EFA and can be beta-oxidized in
preference to non-EFA, sometimes to the extent of risking deficiency. Thus, there are
circumstances in which EFA seem needed in part to be able to make non-EFA or in which EFA
seem less important (less conserved) than non-EFA.” (Cunnane, S.C. 2003).

Fatty Acids are Selectively Mobilized from Adipose (FAT) Tissue:
“Within a given site, growing evidence suggests that PUFAs are more easily released from
adipose tissue TAG than are saturated fatty acids, especially during fasting or longer term
energy deficit.” (Gibney, M.J.; Lanham-New, S.A.; Aedin, C.; Hester, V.H. p. 104).
“The mobilization of fatty acids from white fat cells is selective and depends on the fatty acid
chain length and unsaturation (4). Among fatty acids usually found in adipose tissue TAG (12 to
24 carbon atoms and 0 to 6 double bonds), a fatty acid is more readily mobilized as its carbon
chain is shorter and more unsaturated. From these results, fatty acids have been grouped into
three categories by taking into account their relative mobilization rate, chain length, and
unsaturation (5). Highly mobilized fatty acids include 16–20 carbon atom fatty acids with 4–5
double bonds, whereas weakly mobilized fatty acids include 20–24 carbon atom fatty acids with
0–1 double bond.” (Raclot, T.; Holm, C.; Langin, D.).
“Studies in mammals, birds, and fish demonstrate that at the tissue level, certain fatty acids are
selectively mobilized from adipose tissue (mobilized in greater proportion than their proportion
in adipocyte triacylglycerol), while other fatty acids are selectively retained (Groscolas 1990;
Raclot and Groscolas 1993; Raclot et al. 1995; Connor et al. 1996; Halliwell et al. 1996; Raclot
2003; Hazel and Sidell 2004; Price et al. 2008). Specifically, fatty acids with more double bonds,
and those with shorter chain lengths are preferentially mobilized (Fig. 15.2)....Shorter and more
unsaturated fatty acids tend to be relatively more water soluble and hydrophilic, and a
mechanism for selective mobilization may lie in the likelihood of particular triacylglycerolbound fatty acids to encounter hormone-sensitive lipase at the fat droplet/water interface
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(Raclot 2003). Therefore, the selective mobilization of these fatty acids may not indicate an
adaptive preference for their mobilization, but instead may be merely a consequence of the
solubility properties of the individual fatty acids....Oxidation of fatty acids is also a selective
process. In vitro studies in birds (Price et al. 2011) and fish (Sidell et al. 1995), and an in situ
study in humans (Hagenfeldt and Wahren 1968) have demonstrated that muscles preferentially
oxidize unsaturated fatty acids. The mechanism of this effect is unclear, but could be related to
activity of carnitine palmitoyl transferase, a mitochondrial membrane fatty acid transporter.
This enzyme is thought to largely control flux through the fatty acid oxidation pathway
(Spurway et al. 1997; Eaton et al. 2001), and its activity is generally higher with shorter chain
lengths and greater unsaturation of the fatty acid substrate (Gavino and Gavino 1991; Cake et
al. 1998; Price et al. 2011), although this pattern may vary somewhat among taxa (Egginton
1996; Stonell et al. 1997; Price et al. 2011). The preferential use of unsaturates could also
reflect their greater diffusional mobility in water. Whatever the mechanism, the pattern of
preferential oxidation of fatty acids in muscle appears to match fairly well the patterns of
mobilization from adipocytes (Hazel and Sidell 2004; Price et al. 2011), with unsaturates, and
tentatively, shorter chain fatty acids, being preferentially oxidized. This pattern can be seen at
the whole-animal level as well; orally dosed rats (Leyton et al. 1987) and birds (McCue et al.
2010) oxidize unsaturated and shorter chained fatty acids faster than saturated and longer
chained fatty acids.” (Price, E.R.; Valencak, T.G.).
“Recently, the mobilization of white fat cell fatty acids has been demonstrated to be selective,
depending on chain length, unsaturation and, to a lesser extent, positional isomerism [29]. For
a given chain length, mobilization increases with increasing unsaturation (Fig. 4, left panel). For
a given number of double bonds, it decreases with increasing chain length (Fig. 4, right panel).
Thus fatty acids are not randomly mobilized, but selectively according to molecular structure.
As a practical outcome, fatty acids are more readily mobilized from fat cells when they are short
and unsaturated, and when their double bonds are closer to the methyl end of the chain....It is
likely that the selective mobilization of fatty acids represents an intrinsic property, probably
due to their molecular structure....NEFA were enriched in certain highly PUFA and depleted in
long-chain saturated and mono- unsaturated fatty acids. For a given unsaturation, the relative
mobilization decreased as the number of carbon atoms increased, whereas for a given chain
length, the relative mobilization increased with the number of double bonds (Fig. 4). Thus,
individual fatty acids are selectively mobilized from human fat cells according to their molecular
structure so that the rules demonstrated in animal studies are valid in humans. Among essential
fatty acids of the n-3 and n-6 series, 20:5n-3 [EPA] and 20:4n-6 [AA] were preferentially
released (Fig. 5).” (Raclot, T. pp. 264-265).
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Figure 8. Fatty acid mobilization (Price, E.R.; Valencak, T.G.).

“The mobilization of fatty acids from white fat cells is selective and depends mainly on fatty
acid chain length and unsaturation [29]. Among fatty acids usually found in adipose tissue TAG
(12–24 carbon atoms and 0–6 double bonds), a fatty acid is more readily mobilized as its carbon
chain is shorter and more unsaturated. From these results, fatty acids have been grouped into
three categories by taking into account their relative mobilization rate, chain length, and
unsaturation [31]. Highly mobilized fatty acids include 16–20 carbon atom fatty acids with 4–5
double bonds, whereas weakly mobilized fatty acids include 20–24 carbon atom fatty acids with
0–1 double bond. Moderately mobilized fatty acids include all the others.” (Raclot, T. p. 267).
“...except fatty acids with 14–18 carbon atoms and 0–3 double bonds which are present in high
proportions, other fatty acids are usually found in low amounts or even at trace levels. In rats
and humans, adipose tissue TAG contain up to 96.5–97% fatty acids with 12–18 carbon atoms
and 0–3 double bonds [29,33]....The fatty acid selectivity of HSL is related to the fatty acid
composition of adipose tissue TAG. In other words, HSL preferentially releases fatty acids
usually stored in high amount in adipose tissue from rats and humans in their normal dietary
state.” (Raclot, T. p. 277).
“The precise mechanism of the selective mobilization of fat cell fatty acids remains to be
elucidated. Lipolysis is mainly achieved by hormone-sensitive lipase (HSL), which has a critical
role in the control of energy homeostasis and catalyzes the rate-limiting step in the breakdown
of adipocyte TAG....Comparison of the relative hydrolysis of fatty acids by HSL and their
mobilization rates from adipocytes supports the view that the low mobilization of some fatty
acids could derive from a low release of fatty acids by HSL, whereas the high mobilization of
other fatty acids seems unrelated to the enzymological properties of HSL.” (Raclot, T.; Holm, C.;
Langin, D.).
“We conclude that i) the release of fatty acids by HSL is only slightly affected by their degree of
unsaturation...the selectivity of fatty acid hydrolysis by HSL does not fully account for the
selective pattern of fatty acid mobilization, but could contribute to explain the preferential
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mobilization of some highly unsaturated fatty acids compared with others.” (Raclot, T.; Holm,
C.; Langin, D.).
“The fatty acid specificities of HSL do not seem to be oriented toward a special demand by
tissues or toward a preferential sparing of particular fatty acids. We obtained no evidence that
dietary essential fatty acids of the n–6 and n–3 series are preferentially released or retained.
Our study provides evidence that the fatty acid selectivity of HSL is related to the fatty acid
composition of adipose tissue TAG, that is to say, HSL preferentially releases fatty acids usually
stored in high amounts in adipose tissue of rats and humans in their normal dietary state.”
(Raclot, T.; Holm, C.; Langin, D.).
“The mechanism of the selective mobilization of white fat cell fatty acids remains unclear. It has
already been reported that the explanation does not lie in their relative proportions in fat cell
TAG, since there is no support for a competition process among fatty acids [31]....the selectivity
of fatty acid mobilization from fat cells seems unrelated to the positional distribution of fatty
acids on the glycerol backbone [36]....The selectivity of fatty acid hydrolysis by HSL does not
fully account for the selective pattern of fatty acid mobilization but could contribute to
explaining the mobilization of specific individual fatty acids compared to others.” (Raclot, T. pp.
267 & 276).
“Because HSL and TAG accessibility can explain only part of fatty acid mobilization, other
selective steps may be involved in the lipolytic process. Proper activation of lipolysis involves
proteins that do not directly participate in the catalytic process. Hence, these proteins could
play a critical role in fatty acid selectivity during lipolysis.” (Raclot, T.; Holm, C.; Langin, D.).
“Fatty acids are not only used as fuels and as membrane components, but some of them are
also precursors of eicosanoids and mediators of gene expression....The regulation of gene
expression by fatty acids [101–103], and particularly PUFA of the n-6 and n-3 series, has been
extensively reported in the liver and adipose tissue in vitro and in vivo [104–112]. Indeed, PUFA
are potent regulators of mRNA levels of various proteins involved in lipid and glucose
metabolism [112–114]. It is interesting to note that the PUFA which have the strongest
biological effects are among those readily mobilized from adipose tissue.” (Raclot, T. p. 285).
“The observation that the molecular structure of fatty acids seems to govern their release does
not support the idea of a particular demand of the body for specific fatty acids.” (Raclot, T. p.
285).
The Reuptake of Fatty Acids released into the blood back up into Body Fat Stores follows trends
that are almost the reverse of those observed for the relative mobilization of the various fatty
acids…
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“Based on the relative re-uptake, carbon chain length, and degree of unsaturation, the fatty
acids can be roughly divided into three categories. During lipolysis, fatty acids with 16–20
carbon atoms and 4–5 double bonds are weakly taken up in adipose tissue, whereas fatty acids
with 20–24 carbon atoms and 0–1 double bond showed the reverse trend. On the average, the
other fatty acids are rather moderately taken up....The relative re-uptake of fatty acids by
adipose tissue is also related to molecular structure. For a given chain length (Fig. 14, left
panel), it decreased progressively with increasing unsaturation, whereas for a given
unsaturation (Fig. 14, right panel), it tended to increase with increasing chain length....These
rules are approximately the reverse of those observed for relative mobilization. Highly PUFA
had the lowest relative re-uptake while VLC-SFA and-MUFA had the highest...In other words,
the more polar NEFA (the shorter and highly unsaturated) are more readily mobilized than total
fatty acids whereas they are less readily taken up. Conversely, the less polar NEFA are less
readily mobilized than the total fatty acids and are more readily taken up...the selective steps
involved in fatty acid uptake and subsequent reesterification are presently unclear.” (Raclot, T.
p. 281).
“The fatty acid composition of adipose tissue TAG largely reflects that of the diet but the
proportion of PUFA in adipose tissue is lower [16]. The preferential release and the low reuptake of some highly PUFA can partly explain their low proportions in adipose tissue TAG as
compared to the diet. For example, 18:3n-3, 20:4n-6 and 20:5n-3 are preferentially mobilized
and their proportions in released NEFA tend to increase as the rate of fatty acid re-uptake
increases, whereas that of 18:2n-6 is not significantly affected. Obviously, the composition of
adipose tissue TAG does not necessarily reflect the different rates of fatty acid mobilization
from, and re-uptake by, adipose tissue. Fatty acids found in the diet (possibly a wide spectrum)
and those originating from lipogenesis (mostly 16- and 18-carbon atoms and 0–1 double bond)
contribute to explain the fatty acid profile of adipose tissue [16,20,23]. Additionally, fatty acid
availability and enzyme selectivity rather than, or in addition to, rate of mobilization and reuptake probably affect the composition of adipose tissue. Differential oxidation of saturated
and unsaturated fatty acids in vivo can also contribute to their selective storage in adipose
tissue [92,93].” (Raclot, T. p. 285).
“...research has shown that the different adipose regions present distinct lipase, lipoprotein
lipase (LPL) and HSL activities. The positions on which these lipases act in each fat depot will
determine the selective release and uptake of fatty acids in the adipocytes, and consequently
adipose tissue composition.” (Watson, R.R. p. 494).
The consumption of Olive Oil has been shown to increase energy expenditure in the short and
long term, offering a potential advantage in the fight against obesity. Olive oil’s ability to alter
the expression of genes involved in the use of fatty acids for energy, the consumption of oxygen
and thermogenesis (i.e. heat production) are thought to underly some of the observed effects
upon energy expenditure.:
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“The objective of this study was to compare the effects of 3 oils differing in fatty acid
composition on postprandial energy expenditure and macronutrient oxidation in healthy
normal-weight men. Using a randomized crossover design, 15 subjects consumed breakfast
meals containing 60% of energy as fat. The principal source of fat was (a) olive oil rich in oleic
acid (18:1n-9), (b) sunflower oil rich in linoleic acid (18:2n-6), or (c) flaxseed oil rich in linolenic
acid (18:3n-3)....Olive oil feeding showed a significant overall increase in energy expenditure
compared with flaxseed oil (P b .0006) and a trend to increased energy expenditure compared
with sunflower oil (P b .06)....This is the first study using a single-meal approach and indirect
calorimetry to demonstrate that consumption of olive oil rich in oleic acid increases energy
expenditure compared with oils containing other long chain unsaturated fatty acids. This result
supports the findings of previous research in both animals [9-11] and humans [14,15]. The type
of fat influences the fat oxidation rate...On the contrary, the research team of DeLany et al [7],
also using isotope-labeled fatty acids, reports that of the 18-carbon fatty acids, linolenic acid is
the most highly oxidized, followed by oleic acid and then linoleic acid. In contrast to findings
from DeLany et al [7], our research team did not observe similar increased rates of oxidation in
subjects fed diets containing linolenic acid in comparison to oleic and linoleic acid. Our results
show a preference for oleic acid to enhance energy expenditure. The differences between the
current study and the study by DeLany et al [7] may be related to the methodology used. The
present study measured energy expenditure using indirect calorimetry, whereas DeLany et al
[7] measured the oxidation rate of individual fatty acids using tracer techniques. The technique
used by DeLany et al [7] reflects the oxidation of a single fatty acid, whereas the technique used
here reflects the change in energy expenditure when altering the pattern of dietary fatty acids.
Because fatty acids are known to act as transcription factors [25], the measurement of total fat
oxidation rate and energy expenditure rather than a single fatty acid oxidation rate may provide
more insight into the metabolic role of specific fatty acids...In conclusion, the results of this
study suggest for the first time using indirect calorimetry that human handling of olive,
sunflower, and flaxseed oil varies. In particular, the data indicate that olive oil offers a slight
advantage toward increased energy expenditure over time in healthy normal- weight men.”
(Jones, P.J.H. et. al.).
“In conclusion, increases in dietary PA [palmitic acid] lowered FA oxidation and increased BE
[body energy] in healthy, nonobese, young adults. Thus, calculated DEE [daily energy
expenditure] decreased in the high-PA group. In contrast, the change to a Mediterranean-type
fat pattern resulted in increased fat oxidation in the fed state and prevented the decrease in
DEE that was observed with the high-PA diet. These findings may have relevance to the
prevention of obesity, the metabolic syndrome, or type 2 diabetes. The results may have been
the consequence of fundamental alterations in gene or protein expression....Increases in
dietary PA decrease fat oxidation and daily energy expenditure, whereas decreases in PA and
increases in OA had the opposite effect. Increases in dietary PA may increase the risk of obesity
and insulin resistance.” (Kien, C.L.; Bunn, J.Y.; Ugrasbul, F.).
“PPARs provide a molecular mechanism for modulation of lipid utilisation and thermogenesis
by different types of dietary fatty acids. PPARa expression is rapidly activated in the
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postprandial state and suppresses genes involved in fat synthesis, while inducing genes related
to fatty acid oxidation and thermogenesis. The fact that MUFA and PUFA are more effective in
stimulating PPARa than SFA could explain why after consumption of walnut and olive oil-rich
meals thermogenesis increased more than after consumption of a meal rich in dairy fat. Finally,
it has been shown that administration of olive oil upregulates UCP genes expression in adipose
tissue and muscle of rats, thus inducing changes in total oxygen consumption.” (CasasAgustench, P. et. al.).
“Dietary PUFAs suppress hepatic expression of genes involved in fatty acid synthesis (Fig. 1).”
(Georgiadi, A.; Kersten, S.).
“A plausible biological mechanism to explain the preferential oxidation of oleic acid is that it is
preferentially incorporated into TG, which are a ready source of energy [12]. In addition,
another plausible molecular mechanism is offered by animal studies by Rodriguez et al [11] who
reported that rats fed a diet rich in olive oil compared with one rich in sunflower oil
experienced an up-regulation of uncoupling protein, a protein that allows heat production by
uncoupling respiration from adenosine triphosphate synthesis, which is an important
component of energy expenditure. However, further investigation in human tissue should be
considered.” (Jones, P.J.H. et. al.).
“This is the first study using a single-meal approach and indirect calorimetry to demonstrate
that consumption of olive oil rich in oleic acid increases energy expenditure compared with oils
containing other long chain unsaturated fatty acids. This result supports the findings of previous
research in both animals [9], [10] and [11] and humans [14] and [15]. The type of fat influences
the fat oxidation rate. In particular, studies using indirect calorimetry [3], [5], [23] and [24] and
isotope-labeled fatty acids [4] and [7] techniques have shown that long chain unsaturated fatty
acids are more readily oxidized when compared with long chain saturated fatty acids....In a
previous study that used isotope-labeled fatty acids, Jones et al [14] showed that the oxidation
rate of oleic acid exceeded that of linoleic acid in healthy adult male subjects. On the contrary,
the research team of DeLany et al [7], also using isotope-labeled fatty acids, reports that of the
18-carbon fatty acids, linolenic acid is the most highly oxidized, followed by oleic acid and then
linoleic acid....it is possible that the quantity and quality of a subject's habitual fat intake can
influence substrate oxidation and the partitioning of fat for either energy or storage. For
instance, Cooling and Blundell [26] reported that habitual high fat consumers had higher fat
oxidation rates than low fat consumers....A plausible biological mechanism to explain the
preferential oxidation of oleic acid is that it is preferentially incorporated into TG, which are a
ready source of energy.” (Jones, P.J.H.; Jew, Stephanie; AbuMweis, Suhad).
“MUFA such as oleic acids are preferentially incorporated into triglycerides and in doing so they
may have a less lipotoxic effect than saturated fatty acids as the TAG pool may help to buffer
the saturated fatty acids [26] and [27]....The accumulation of TAG stores in the form of a
neutral lipid droplet provides a reservoir of lipids for maintenance of cellular lipid homeostasis,
energy storage and production of signaling lipids under stress conditions such as food
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deprivation. Adipose tissue is a vital organ as it is able to provide safe storage capacity of
energy and indirectly prevents ectopic energy storage. Under conditions of overnutrition and
excess of influx of fatty acids into peripheral organs such as liver, skeletal muscle and pancreas,
accumulation of excessive lipids can lead to metabolic complications, such as insulin resistance
and inflammation [28]. Therefore, storage and expandability capacity of the adipocyte are
important for the partition and storage of fatty acids away from vulnerable tissues.” (Hagen,
R.M.; Rodriguez-Cuenca, S.; Vidal-Puig, A.).
“Oleic acid supplementation leads to triglyceride accumulation and is well tolerated, whereas
excess palmitic acid is poorly incorporated into triglyceride and causes apoptosis. Unsaturated
fatty acids rescue palmitate-induced apoptosis by channeling palmitate into triglyceride pools
and away from pathways leading to apoptosis. Moreover, in the setting of impaired triglyceride
synthesis, oleate induces lipotoxicity. Our findings support a model of cellular lipid metabolism
in which unsaturated fatty acids serve a protective function against lipotoxicity though
promotion of triglyceride accumulation....We show that exogenous or endogenously generated
unsaturated FAs rescue palmitate-induced apoptosis by promoting palmitate incorporation into
triglyceride.” (Listenberger, L.L. et. al.).
“A large body of data effectively reported that exercise promotes a preferential channelling of
lipids towards oxidation associated with a decrease in lipid storage [180] and [181]. Evenly,
acute or chronic exercise was associated with improvement in insulin responsiveness
[182] and [183]....while physical activity increases fat oxidation, physical inactivity reduces it....”
(Bergouignan, A. et. al.).
“It has been suggested that PUFA might exert a greater control on appetite than MUFA and
SFA. It has also been hypothesized that the rank order of fatty acids with respect to satiety
might be PUFA > MUFA > SFA.
In fact, experimental evidences suggest that fat that is
oxidized is satiating, whereas fat that is stored is not.” (Casas-Agustench, P. et. al.).
Baseline Fatty Acid Composition:
As displayed in the chart below, “subcutaneous adipose tissue TAG contains predominantly
18:1n-9 (oleic acid) (43.5 (37.0-49.7)) mol% in format of (mean(range)). The next most
abundant fatty acids are 16:0 (palmitic acid) (21.5(18.1-23.5)) mol % and 18:2n-6 (linoleic acid)
(13.9(8.6-24.9)) mol%. The proportion of 16:1n-7 (palmitoleic acid) is approximately 2x higher
than 18:0 (stearic acid) (7.2(4.5-10.1)) mol % vs. (3.4 (2.6-4.7)) mol %. Of note are the very low
(less than 1 mol%) and variable proportions of very long chain (20 or more carbons)
polyunsaturated fatty acids (PUFA).” (Hodson et. al 351-352).
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This chart above displays the collated values (explained above the chart) of the fatty acid
composition of 4258 healthy men and 3096 healthy women from 19 different studies. The
values are expressed as mean (mol %) and error bars represent the standard deviation.
Another concise and nice summary of Fatty Acid Composition of Human Adipose Tissue:
Human adipose tissue is composed largely of triglycerides. Seven fatty acids predominate as
follows (number of carbons:number of double bonds, typical abundance): myristic (14:0, 3%),
palmitic (16:0, 19–24%), palmitoleic (16:1, 6–7%), stearic (18:0, 3–6%), oleic (18:1, 45–50%),
linoleic (18:2, 13–15%), and linolenic (18:3, 1–2%) (22, 23). These fatty acids account for well
over 90% of the fatty acids in human adipose tissue. Odd-carbon fatty acids, longer chain fatty
acids, and shorter chain fatty acids account for the remainder. Each of these less-abundant fats
individually contributes much less than 1%. (Ren, Jimin; Dimitriv, Ivan et. al.).
Another Set of Data on Fatty Acid Content of Human Adipose Tissue (taken from the lateral
thigh) that was compared to Oolichan Grease:
The following is a chart that includes the fatty acid breakdown of human fat along with that of
the small fish known as Oolichan, that was used to derive a grease that fed the native people in
the British Colombia region of the North Pacific for hundreds of years. It is similar, with slight
variation of a percent or two (or in the case of the PUFAs a .1 or .2 difference), to the first set of
data listed above.
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This data was collected from people who were eating an industrial diet in California that was
also very low calorie in order to promote weight loss. Also, it may also be observed that the
composition of human fat mirrors that of Oolichan grease.
One line of this article on Oolichan grease reads, “The dominant fatty acid class in the oolichan
grease was mono-unsaturated fat, which is typical of both olive oil and also human stored body
fat.”
In Dr. Stephen Phinney’s book “The Art and Science of low CHO living,” Phinney writes, “...our
bodies seem to favor the storage of monounsaturates over other classes of fatty acids.
Monounsaturates, along with saturates, appear to be what our cells want to burn when they
are adapted to burning mostly fat. Oolichan grease is rich in monunsaturates, and thus is more
like human fat than anything else in the region. Thus, oolichan grease appears to have an ideal
fat composition for humans who consume a diet appropriately rich in fat. Somehow, without
the benefit of modern chemistry or nutritionists to tell them what to do, a diverse collection of
peoples inhabiting 5000 miles of the Pacific coastline of North America discovered this, and
built their cultures and a regional trade economy around this one source of fat.” (Phinney 19).
Heterongeneity between and within depots:
There is a small but statistically significant difference between the MUFA and SFA content
between various parts of the body including the buttock, abdomen, perirenal (around the
kidney), and perinodal (around the lymph nodes). The linoleic and linolenic acid content is the
same between these adipose tissues. Overall, from my observations, it appears that the deeper
you go within the body, the SFA content increases and the MUFA content decreases slightly.
MUFA dominates ever so slightly just beneath the skin and in places like the buttock (and
probably the breast etc.). Different fatty acid compositions at different sites indicate a level of
metabolic control over the fatty acid compositions of the fat that may correlate but are not
directly related to diet.
“In general, the fatty acid composition of subcutaneous adipose tissue taken from sites such as
the buttock, abdomen, or upper arm appear to be similar....However [some studies have
reported] small (between 2% and 10%) but significant differences in the proportions of
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saturated (SFA) and monounsaturated (MFA) fatty acids present with the abdomen having
higher SFA and lower MUFA than the buttock....higher proportions (3-4%) of MUFA are found in
subcutaneous adipose depots when compared to intra-abdominal sites, and the increase in
MUFA fatty acid appears to be at the expense of SFA. Interestingly, there is no difference in the
distribution of 18:2n-6 (linoleic acid) between the sites. Within mesenteric adipose
tissue(visceral fat located around the intestines in the mesenterium of the intestines), it has
been reported that the perinodal adipose tissue (within approximately 5 mm of lymph nodes)
contain more unsaturated fatty acids than more remote tissue.” (Hodson et. al 352-353,
Malcom 288).
“% SFA higher and MUFA lower in perirenal than in buttock fat.” (Bhattacharyya et. al. 45).
Possible factor/explanation as to how body maintains mainly SAT/MUFA in human fat in
proportions not found in the human diet, furthering our understanding of the distinctive roles
of the various fatty acids in fat:
Preferential Release of Fatty Acids (especially in a fat-burning physiological state ie. low calorie
diet, increased exercise etc.) Subsequently Contributing to a Dominant SAT/MUFA Content:
“Until now, it was still believe that the mobilization of fatty acids in human subjects was
proportional to their content in adipose tissue. However, it has been show recently
that...generally fatty acids are more readily mobilized from fat cells when they are short-chain
and unsaturated with their double bonds closer to the methyl end of the chain” (my note: so
omega-3 would be released before omega-6 & a shorter omega-3 would be released before a
longer chained omega-3). “For a given number of double-bonds, the mobilization decreases
with increasing chain length, it also increases with increasing unsaturation. (my note:
reiterating what I just stated above) Thus, fatty acids are selectively mobilized in direct
proportion to their molecular structure. This selectivity could affect the storage of individual
fatty acids in adipose tissue, and their subsequent supply to tissues.” (Raclot 633-635).
Changes with Diet:
As stated above, more PUFAs in diet than found in human fat--probably because adipose tissue
is constantly releasing them into circulation for various phsyiological processes. However, an
increase in PUFA ingested =>relative increase in PUFA occurs in fat (at least enough increase for
a correlation to be established). There is a much more variable association with SFA/MUFA
intake and amt in human fat, probably due to the fact that they can be created endogenously.
The body has the ability to actively remodel SFAs to MUFAs and commonly does so.
(4 sources: Raclot et. al 635, Hodson et. al 359, & Bolton-Smith et. al. 619, Baylin 750).
PUFA’s: n-3 and n-6, trans-fatty acids, odd-numbered and branched-chain fatty acids that are
ingested are reflected in adipose tissue. Conversely, SFA’s (again except odd #ed SFA’s such as
15:0 and 17:0) and MUFA’s are not reflected in adipose tissue according to intake. (Baylin 750).
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15:0 and 17:0 fatty acids are the best adipose tissue markers for total intake of SFA, since they
cannot be synthesized endogenously(humans do not contain the enzyme to form odd
numbered fatty acids). These two fatty acids appear to correlate with dairy product intake and
ruminant fat intake that is also a good source of 15:0 and 17:0. (Baylin 754-755).
% in Diet Compared to % in Adipose:
Among SFAs, palmitic acid accounted for 22% in adipose tissue and 27% in diet. MUFAs, mostly
oleic acid, accounted for the largest proportion of total fatty acid in both adipose tissue (54%)
and diet (42%). PUFAs showed a similar proportion in adipose tissue and diet (16% and 18%,
respectively). Linoleic acid represented most of the n-6 PUFAs, and alpha-linolenic acid
represented most of the n-3 PUFAs. The n-3 PUFAs of marine origin (EPA and DHA) represented
a small percentage of the total n-3 PUFAs in both adipose tissue and diet. Total trans-fatty acids
represented 3% of the fatty acids in adipose tissue. The percentage of trans-fatty acids in diet
was similar. (Baylin 752).
Adipose tissue oleic acid was correlated inversely with vegetable fatty acid and PUFAs but
correlated directly with animal fatty acid and SFAs; it showed no correlation with its
corresponding dietary fatty acid. Oleic acid actually shows the best correlation of any adipose
tissue SFA for SFA intake. Dietary SFAs are rapidly desaturated to MUFAs in the body. (Baylin
755).
**For the following correlations are on a scale of 0 to 1, 1 representing a perfect correlation.**
PUFAs exhibited stronger correlations; the best corresponded to linoleic acid (0.58) and alphalinolenic acid(0.34). The correlation coefficient for total PUFAs between adipose tissue and diet
was 0.57. Arachidonic acid (20:4n-6) did not correlate with its corresponding dietary fatty acid
or with dietary PUFAs. It has been suggested that the physiologic mechanisms controlling fatty
acid homeostasis in humans shunt dietary arachidonic acid into specific metabolic pathways,
which prevents its accumulation in adipose tissue. With 2 exceptions (t14:1n-5 and t16:1n-7),
trans fatty acids showed the strongest correlations with their corresponding dietary fatty acids,
particularly ct-linoleic acid and tc-linoleic acid. (Baylin 753-755).

EFFECT OF AGE
In a recent review, it was concluded that to date, no definitive changes in fatty acid
composition among people can be attributed to age. The authors of the review were critical of
the studies that have been done, asserting that dietary intakes were not well controlled. They
concluded that whether the results obtained were due to long term dietary changes or due to
age-related changes in metabolism still needs to be determined.
However, in another article (where semi-quantitative food frequencies were given and fat
intake of SFA, MUFA and PUFA, and C18:2, n-6 were calculated and used in the analysis), I
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found some pretty solid evidence from a large study of about 4,000 men and women that the
fatty acid linoleic acid and its downstream metabolite, gamma-linolenic acid, both decrease
with age. In addition, the ratio of linoleic acid to gamma-linolenic increases, suggesting that the
enzyme that performs this conversion, adding a double bond to form gamma-linolenic,
decreases activity with age. There was also an observed increase in the very long chain PUFAs
dihomo-gamma-linolenic acid (C20:3, n-6) and docosahexa-plus docosapentaenoic acids (C22:5
+ C22:6, n-3) in adipose tissue with age, possibly suggesting decreased turnover or an increase
in selective storage of these LCPUFAs for reasons yet to be determined. (Hodson et. al 371;
Bolton-Smith 623).
The details on what is summarized above:
Based on this review done in 2008, there are No definitive patterns observed in the change of
fatty acid composition with age. Many studies did not adjust for dietary intake, and so
subsequent research has concluded that the changes observed in these studies was more due
to dietary fatty acid intakes rather than age-related perturbations in fatty acid metabolism.
(Hodson et. al 371).
The study performed by Bolton-Smith and colleagues concluded that with age there is a
decrease of the delta-6 desaturase enzyme activity (the enzyme that adds a double bond to
linoleic acid (C18:2,n-6) making it into gamma-linolenic acid (C18:3, n-3)). Thus, this decrease in
the activity of this particular enzyme leads to a relative deficiency in long-chain fatty acid
derivatives and COX and LOX (both important enzymes for numerous metabolic processes
associated with inflammatory and anti-infl responses) metabolites of linoleic acid and gammalinolenic acid. The scientists observed an increase in the ratio of 18:2, n-6/ 18:3, n-6 (LA:GLA)
with age in men and women (due to decrased activity of enzyme mentioned above). (BoltonSmith et. al. 623).

GENDER DIFFERENCES
There is a slightly lower proportion of SFAs and a higher proportion of MUFAs in adipose tissue
in the women than in the men, regardless of intake. (Baylin 753).
Cross-sectional studies have reported that women have higher proportions of 22:6n-3 (DHA) in
adipose tissue. It has been asserted that this is due to the up-regulating effect that estrogen
has on the enzyme that converts 18:3n-3 (alpha-linolenic acid) to 22:6n-3 (DHA). (Hodson et. al
372).
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GENETIC DIFFERENCES
Similarities in Fatty Acid Content between Twins: thus far, scientists have found similarities in
the content of non-essential fatty acids present in the adipose tissue of twins; the degree of this
similarity requires more study.
There is a strong concordance of major fatty acids in different lipid pools between twins. While
there is an established significant similarity, scientists are currently unsure of the quantitative
effect because no control of diet in studies has been done thus far. However, as the researcher
Kunesova reports, “IPR (Intrapair Resemblance) for non-essential fatty acids indicate there is
active genetic control of either food choices or postabsorptive metabolic processing.” (Hodson
et. al 372 & Kunesova et. al)
Ethnicity: not extensively studied; People of different ethnicity appear to have mainly the same
adipose tissue composition with slight variation in palmitoleic and stearic acid content, possibly
due to a difference in metabolism of the original starting molecule for both of these acids,
palmitoyl CoA. The reason for this difference is not known and have not been hypothesized.
“....the relative homogeneity of adipose tissue composition among people of diverse ethnic
backgrounds and diets...” (Tang, Phinney, Nishimura 987).
“16:1, n-7 (palmitoleic) was lower and 18:0 (stearic) was higher in blacks than in whites.”
(Hodson et. al 372; Bhattacharyya et. al. 45).
This could be a result in the differences in the fate of palmitoyl CoA. In blacks, palmitoyl CoA
may undergo chain elongation to form stearoyl CoA. In whites, palmitoyl CoA may undergo
desaturation (addition of a double bond) to form palmitoleoyl CoA. (Bhattacharyya et. al.)

EFFECT OF EXERCISE
With chronic exercise, in adipose tissue there is an increase of PUFAs including omega-6’s, and
MUFAs decrease. (Nikolaidis).

Does the ratio of fatty acids get altered by adipocytes or altered before they reach the
adipocyte?
The Short answer: The ratio of fatty acids does get altered by adipocytes, since adipocytes
esterify free fatty acids that enter into the cell to form triglycerides. However, the evidence
indicates that the major steps at which differences in the storage of fatty acids occur is an early
one, that of intestinal absorption and incorporation into plasma chylomicron triglycerides.
Thus, chylomicrons (the body’s fat transporters from intestine to tissues) have been found to
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have a different fatty acid composition than the fatty acid composition of the corresponding
meal. In addition, the absolute concentration of individual fatty acids within the chylomicron
did not change significantly with time. When these concentrations were expressed as
percentages of total chylomicron-triacylglycerol fatty acid concentrations, only the percentage
of 20:5n-3 (EPA, n-3 PUFA) changed significantly. Furthermore, there was an approximately
linear relation between the representation in the chylomicron-triglyceride fraction and the net
uptake into the adipose tissue. To reiterate, the research presently shows that the main point
in which the ratio of fatty acids gets altered is during intestinal absorption and incorporation
into plasma chylomicron triglycerides, when the body does the sorting and rearranging.
The basic pathway of dietary fatty acids from ingestion to deposition in adipose tissue:
Dietary fatty acids > Small Intestine Absorption > Incorporation into Chylomicron > Hydrolysis
by Lipoprotein Lipase that sits on the cell’s surface > Uptake of fatty acids and Esterification
into triglycerides within adipocytes (Summers, Lucinda et. al.).
Basic Info & Details on a Study on When Fatty Acids Are Altered:
Study layout: In order to study at what point the fatty acid ratios of a meal are altered to fit the
proper ratios found in adipose tissue, researchers fed subjects a meal containing a range of
fatty acids and compared their representation at various stages of the pathway outlined above.
(Summers, Lucinda et. al.).
Research Question: In order to elucidate what point in time the fatty acid ratios from a meal are
altered to fit the ratios observed in adipose tissue, the scientists first brainstormed the various
points at which the fatty acids could possibly be altered, “There might be differential
incorporation into chylomicron triglycerides or selectivity of the hydrolysis of particular fatty
acids from chylomicron triglycerides by LPL. Furthermore, there might be preferential
partitioning of those fatty acids released by LPL between tissue uptake or release into plasma.”
(Summers, Lucinda et. al.).
The Results of their study:
“There was an approximately linear relation between representation in the chylomicrontriglyceride fraction and net uptake into adipose tissue between 120 and 240 mins (peak time
for postprandial f.a. uptake). When net uptake was expressed as a ratio to the proportion of
that fatty acid in the chylomicron-triglyceride fraction (for each fatty acid within each person), it
did not differ significantly between fatty acids. However, when net uptake was expressed in
the same way in relation to the proportion of that fatty acid in the meal, there was significant
differences between fatty acids.” (Summers, Lucinda et. al.). My note: Thus, indicating that the
ratio of fatty acids is not being altered during the uptake of fatty acids into adipose, but is being
altered somewhere in the pathway from meal to uptake. Fatty acids released from
chylomicrons are entering into adipose tissue without differentiation. In other words, once the
body has put the fatty acids from a meal into the chylomicrons in the proper ratios the body
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wants, the fatty acids are treated the same (in terms of uptake into adipose) from then on out,
including during the fatty acid uptake into adipose tissue.
“The absolute concentration of individual fatty acids did not change significantly with time in
either the arterial or the venous chylomicron-tg fractions. When these concentrations were
expressed as percentages of total chylomicron-tg’s fatty acid concentrations, only the
percentage of 20:5n-3 (EPA) changed significantly**...There were significant differences
between the molar percentages of fatty acids in chylomicron triglycerides and those in the
meal, with palmitic acid (16:0) and oleic acid (18:1n-9) being especially overrepresented
compared with 20:5n-3. The fractional extraction and clearance of specific fatty acids within
the chylomicron-triglyceride fraction did not change significantly with time...The fatty acid
composition of chylomicron triglycerides was determined to have greater amounts of 18:1n-9
and 16:0 than in the meal.” (Summers, Lucinda et. al.).
“...found no selectivity of LPL action on chylomicron triglycerides in agreement with other
authors.” (Summers, Lucinda et. al.).
“the fate of fatty acids beyond removal by LPL-release as NEFA (non-esterified fatty acid) into
the plasma or uptake into adipose tissue - did not differ significantly.” (Summers, Lucinda et.
al.).
“The main result of these studies is that the major step at which differences in storage of fatty
acids occur is an early one, that of intestinal absorption and incorporation into plasma
chylomicron triglycerides...” (Summers, Lucinda et. al.).
** “It has been suggested that long-chain n-3 polyunsaturated fatty acids (PUFAs) are not
stored in the short term in adipose tissue....It seems, therefore, that storage of n-3 PUFAs is
relatively slow and that to some extent they cycle through other lipid pools before
storage...nonesterified n-3 PUFAs increased after the meal and would be available for hepatic
uptake and potential recycling in lipoproteins.” **MY NOTE: In other words, n-3 PUFAs are
more likely to go to the liver than hitch a ride with a chylomicron to go to adipose.
SIDE NOTE to keep in mind: “dietary fatty acids may enter other body pools and perhaps recycle
through VLDL many times before eventual storage in adipose tissue.” (Summers, Lucinda et.
al.).

HUMAN BRAIN COMPOSITION
Baseline Fatty Acid Composition:
The brain is a “fat” organ composed of a lot of long-chain PUFAs found in the phospholipids of
the brain which make up 2/3 of the weight of the brain. The major long-chain PUFAs include
DHA (40% of the PUFAs in the brain, 60% of PUFAs in the retina), which is important in neuronal
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development, and adrenic (22:4n-6), nervonic (24:ln-9, a MUFA) and oleic (18:1n-9) acids that
are important in myelinogenesis, a.k.a. the generation of myelin. During the development of
the human brain, phospholipids become increasingly enriched with DHA.
Three LCPUFAs: AA, DHA and docosatetraenoic acid (DTA a.k.a. adrenic acid; C22:4;n-6)
constitute over 94% of all LCP in human gray matter (and in mammalian gray matter generally).
DHA and AA are rich in cell membrane phospholipids, especially at neural synapses. Adrenic and
oleic are found in greatest amount in myelin phospholipids. Below are the quotes with which I
came to this synopsis, including more of the details.
“The brain is the fattest organ of the body. Almost 2/3 of the weight of the human brain is
accounted by phospholipids(part of cell membranes). DHA is the predominant structural fatty
acid in the brain which is mostly distributed in the cerebral cortex, membranes of synaptic
communication centers, mitochondria, and photoreceptors of the retina. It comprises
approximately 40 % of the PUFAs in the brain and 60% of PUFAs in the retina. Almost 50%
weight of the neuronal membranes is accounted by DHA.” (Singh 240).
While DHA and AA(arachidonic acid) can be biosynthesized from LNA and LA, respectively, the
reaction rate, for DHA at least, appears too slow to provide a sufficient supply during early
human brain development: intake of preformed LCPUFAs from the diet seems essential. Three
LCPUFAs: AA, DHA and docosatetraenoic acid (DTA a.k.a. adrenic acid; C22:4;n-6) constitute
over 94% of all LCP in human gray matter (and in mammalian gray matter generally). (Eaton,
Cordain et. al. 18).
Phospholipids are fundamental cell membrane components with a high content of
polyunsaturated fatty acids (PUFAs). Long PUFAs, mainly docosahexaenoic acid (DHA; 22:6n-3)
and arachidonic acid (AA; 20:4n-6), are particularly enriched in cell membrane phospholipids,
especially in neural tissues. In neurons, synapses have the highest concentration of long PUFAs,
especially DHA and AA whose function in phospholipid-mediated signal transduction has lately
been recognized. The photoreceptor cells of the retina are particularly enriched in DHA.
In the myelin sheath, the proportions of DHA and AA are lower, but those of adrenic (22:4n-6)
and oleic (18:ln-9) acids are higher.
The fatty acid composition of tissues is known to change throughout development.
Phospholipids, in particular, are progressively enriched in DHA (22:6n- 3) at the expense of the
n-6 fatty acids, as has been shown in several mammalian species, including humans. In human
fetal brain phospholipids, the increase in 22:6n-3(DHA) and the ratio n-3/n-6 is very significant
during the third trimester of gestation, starting at ~32 weeks of gestational age (Martinez
2528).
As oleic acid (l8:ln-9) is quantitatively very important during myelination... (Martinez 2529).
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Another fatty acid characteristic of myelin phospholipids is oleic acid (18:ln-9), to the point that
the accretion of 18:ln-9 (and of its products 24:ln-9 and 26:ln-9) parallels myelination in the
developing total human forebrain....Thus, these two unsaturated fatty acids, oleic 18:ln-9 and
adrenic 22:4n-6, may be considered good markers for myelination. Their fast accretion during
myelinogenesis “dilute,” so to speak, the relative values of other PUFAs. (Martinez 2532).
The importance of oleic acid during myelination is underscored by the fact that this unsaturated
fatty acid and its elongation products, 20:ln-9, 20:2n-9, 24:ln- 9, and 26:ln-9, are typical
components of myelin sphingolipids such as cerebrosides, sulfatides, and Sp. Among these,
nervonic acid (24:ln-9) is by far the most important monounsaturated fatty acid in Sp, and its
accretion during myelinogenesis is dramatic. Whereas the increase in 22:6n-3 (DHA) parallels
neuronal development, the accretions of 22:4n-6, l8:ln-9, and 24:ln-9 are good markers to track
myelinogenesis, even when measuring the total fatty acid composition of the whole brain. This
stresses the importance of plasmalogens, a lipid class progressively enriched in both oleic and
adrenic acids, during myelination. (Martinez 2533).
DHA is critical for human development, essential to efficient brain growth:
Docosahexaenoic acid (DHA) has been the only n-3 fatty acid used as a major structural and
functional constituent of the photoreceptor, neurons and their signaling synapses throughout
the 600 million years of animal evolution. This is despite there being similar molecules, such as
docosapentaenoic acid (DPA), differing by only one double bond. This is one of many
compelling reasons for the absolute necessity of DHA for the human brain. (133)
Data from primate and rodent/animal experiments demonstrate dietary DHA is used with an
order of magnitude greater efficiency for brain growth compared with its endogenous synthesis
from ALA (Crawford et al., 1976), which is likely to represent an advantage during growth and
maintenance.
It is logical to assume that the priority in human development concerns the brain. Based on
brain composition of some 30 mammalian species (Crawford et al., 1976), one can argue that
the target balance of n-6 to n-3 PUFA in the diet should be between 2:1 and 1:1. (FAO 133).
Changes with Diet:
As you most likely know, there is a lot of research being done on the effects of
decreasing/increasing intake of LCPUFAs (esp.DHA) on the brain. The most definitive
connection appears to be with amount of LCPUFA in the diet and brain size.
This connection was asserted by Loren Cordain and others which he touches upon more
specifically in the following quote, comparing modern day intake of LCPUFA, our current
decrease in brain size, and intake of LCPUFA in the Paleo era, and their dramatic increase in
brain size:
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“If the subsistence pattern of our most recent hominoid ancestors, who probably lived about
five million years ago, was comprised of 95% plant foods and 5% from small game, i.e. like that
observed for current chimpanzees (the mammalian species to whom humans are most closely
related), the model retrojects combined AA, DTA and DHA intake of 0.16 g/1,000 kcal. If during
subsequent hominid- human evolution the subsistence pattern gradually changed to that
observed in recent foragers (65% plants, 35% game) combined AA, DTA and DHA intake would
have increased to about 0.9 g/1,000 kcal, a 5.7-fold increase.”
Over the same time period the cranial capacity of our ancestral line grew from about 400 to
1,517 cm3 for Cro-Magnons living 30,000 years ago. This change represents a 3.79-fold
increase, so the retrojected 5.7-fold increase in AA, DTA and DHA availability would have
provided more than adequate raw material for brain-building structural purposes. It is not
necessary to hypothesize that humans evolved at the land-water interface with special access
to marine resources; improvements in terrestrial hunting and scavenging would have been
entirely sufficient. (Eaton, Cordain et. al 18-19).

BONE MARROW COMPOSITION
In Humans:
The fatty acid composition of bone marrow and adipose tissue in humans was not significantly
different.
The fatty acid composition of marrow fat (in humans!) is “29.1 +/- 3.5% Saturated, 46.4 +/- 4.8%
Monounsaturated, 24.5 +/- 3.1 Diunsaturated....compared to adipose tissue 27.1 % Saturated,
49.6% Monounsaturated, 23.4 % diunsaturated.

Table 7. Fatty acid composition of marrow fat (Ren, Jimin; Dimitrov, Ivan. et. al. pp. 2055- 2062.)

Fatty Acids

Marrow F.A. Composition

Adipose Tissue F.A.
Composition

Saturated

29.1 ± 3.5

27.1 ± 4.2

Monounsaturated

46.4 ± 4.8

49.6 ± 5.7

Diunsaturated

24.5 ± 3.1

23.4 ± 3.9
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In Ruminants: (source is from an article by Loren Cordain)
Monounsaturated fatty acids are the predominant fatty acids, comprising 59.3-67.0% of the
total fat in the bone marrow of wild ruminants. Marrow also contained high percentages of
CLA, ranging from 1.0 to 1.5 % of total fatty acids (or approximately 20-30 mg CLA/g of fat),
values comparable to the highest modern day food sources of CLA such as dairy products and
beef. Additionally, marrow maintained a moderate P/S (Polyunsaturated/Saturated Ratio)
ranging from 0.24 to 0.33 while yielding a ratio of (n-6/n-3) ranging from 2.24 to 2.88. Hence,
the lipid profile of dietary bone marrow would be less hyperlipemic and consequently less
atherogenic than subcutaneous fat, but probably more hyperlipemic than muscle tissue
because of the lower ratio of P/S in marrow relative to muscle.
The fatty acid composition of the marrow changes as you move down the leg, becoming less
saturated and containing more monounsaturated fatty acids as you move down the leg. This
gradational pattern is pretty significant, ranging up to a 30% change within a class of fatty acids.
This pattern may have evolved to maintain leg mobility at low temperatures. The African wild
ruminants in which early humans preyed upon supposedly maintained the same fatty acid
gradational pattern.
Overall, bone marrow from wild ruminants would have provided early humans with a year
round good food source of monounsaturated fats (MUFAs). (My summary of Cordain et. al.’s
Research)
Details & Evidence:
The chart below gives the breakdown of the fatty acid composition of the marrow of elk, deer,
and antelope. Please note that this data came from the metatarsus at the mid-shaft (middle of
the leg), which is important since, as was stated above, the degree of saturation decreases, and
the monounsaturated content increases, as you move down the leg.
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Table 8. Fatty acid composition of elk, deer, antelope marrow (Cordain et.al)

Note total monounsaturated fatty acids below listed under “MONO.” Also, n-6/n-3 PUFA and
PUFA/SAT.
“The present data shows that MUFA was the predominant fatty acid in the bone marrow of elk
(67.0% MUFA of total fatty acids), deer (65.9% MUFA of total fatty acids), and antelope (59.3%
MUFA of total fatty acids). Additionally, marrow maintained a moderate P/S
(Polyunsaturated/Saturated Ratio) ranging from 0.24 to 0.33 while yielding a ratio of (n-6/n-3)
ranging from 2.24 to 2.88. Hence, the lipid profile of dietary bone marrow would be less
hyperlipemic and consequently less atherogenic than subcutaneous fat, but probably more
hyperlipemic than muscle tissue because of the lower ratio of P/S in marrow relative to muscle.
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Marrow also contained the highest %es of CLA, ranging from 1.0 to 1.5 % of total fatty acids.
(Cordain et. al.)
The relative degree of saturation of marrow in wild ruminants decreases distally (from
attachment of appendage to where leg meets foot) in both the front and the rear legs. Thus, as
you move down a leg the fatty acid composition of bone marrow changes, decreasing in
saturation and increasing in the %es of monounsaturates present.
“The fatty acid composition of marrow in wild ruminants has not been extensively studied;
however, data from North American animals shows that the relative degree of saturation
decreases distally in both the front and the rear legs....Monounsaturates (MUFAs) percentages
in the more proximal humerus and femur of three North American ruminants ranged from 40
to 45% of the total fatty acids, whereas in the more distal metacarpus and metatarsus, MUFAs
increased to 70 - 75% of total fatty acids...The functional utility of this graded fatty acid
deposition pattern in the legs of ruminants is unclear, however, it has been suggested that it
would help to maintain leg mobility at low temperatures. This gradational (proximal to distal)
fatty acid composition pattern also occurs in more tropical animals, consequently, it is possible
that the African ruminants which early humans preyed upon also maintained similar marrow
fatty acid compositions.” (Cordain et. al)
“In wild ruminants, the total fat content of marrow varies seasonally primarily as a function of
the animal’s environment (My note: Thus, decreasing in the winter when food is scarce).
Healthy, normal animals typically maintain total marrow fat percentages (% weight) between
50 and 90%; hence wild ruminant marrow represents a high MUFA food source available
throughout the yearthat would have comprised a substantial percentage of the diet of ancestral
humans.” (Cordain et. al.)
SIDE NOTE from this article: “high relative %es of PUFA are characteristic of all wild ruminant
muscle tissue...and muscle is particularly rich in long-chain PUFAs, including all 3 PUFAs (DGLA
(dihomo-gamma-linolenic acid), AA (arachidonic acid), and EPA))...the relative % of PUFAs in
muscle tissue of pasture-fed steers and grain-fed steers is considerably lower than that found in
wild ruminants and results in a characteristically low ratio of P/S.
Cordain et. al. also concludes that “Literature comparisons showed tissue lipids of North
American and African ruminants were similar to pasture-fed cattle, but dissimilar to grain-fed
cattle.”

SKELETAL MUSCLE COMPOSITION
The Effect of Exercise on IMTAG’s:
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A higher fat content within muscle tissue is associated with exercise training. Exercise is
associated with increased muscle fat content and mitochondrial fatty acid oxidation capacity.
Myo-fibers (muscle tissues) that have a high triglyceride content are typically the oxidative type
characterized by a high mitochondrial capacity, whereas those with a low triglyceride content
(and high glycogen content) are typically glycolytic. (LiLiu, Xiajing Shi et. al.).
Fatty acid composition of skeletal muscle reflects dietary fat composition in humans and also
changes its fatty acid profile with increasing exercise....
Trained young men were shown to have lower palmitic (16:0) acid, lower 20:3n-6, lower n-6 to
n-3 ratio, higher proportions of stearic acid (18:0), higher sum of n-3 PUFAs, higher ratio
between 20:4n-6 to 20:3n-6. These changes were independent of fiber type. (Andersson A 744751).
Fatty Acid

% of Total Fatty Acid
in Skeletal Muscle Tissue T.G.
(Andersson et. al, p. 1226)

% of Total Fatty Acid in
Adipose Tissue T.G.
(Tang et. al & Baylin et. al)

14:0

3.50

1.02-2.80

15:0

0.34

0.19

16:0

24.0

21.6

17:0

0.26

0.21

18:0

4.48

2.98-3.4

16:1n-7

7.27 +/- 1.50

6.22-7.20

18:1n-9

48.7

43.5-44.3

18:2n-6

9.83

13.37-13.9
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18:3n-3

0.84

0.55-0.80

20:3n-6

0.15

0.2-0.29

20:4n-6

0.38

0.3-0.44

20:5n-3

ND-not detectable

0.04

22:5n-3

0.32

0.1-0.21

22:6n-3

0.34

0.1-0.17

sum n-6

10.3

15.29

sum n-3

1.21

0.99

As you can see above, the fatty acid composition in skeletal muscle tissue closely resembles the
fatty acid composition of adipose tissue, with slight variations here and there.
Changes with Diet:
Supplementing n-3 increases n-3 PUFAs in skeletal muscle phospholipids in adults and infants:
The n-3-supplemented subjects, who were given 2.4g 20:5n-3 and 22:6n-3/d, equivalent to the
consumption of approximately 100–200 g fatty fish such as salmon, had proportions of long
chain n-3 PUFAs in skeletal muscle phospholipids that were approximately 2.5 times higher
than those in control subjects. Similar results were reported in infants: breast-fed infants have
higher proportions of n-3 PUFAs in their skeletal muscle phospholipids than do formula-fed
infants, reflecting the lack of long-chain n-3 PUFAs in the infant formula used.
SFA and MUFAs in skeletal muscle phospholipids correlate with dietary intake:
We also found the fatty acid composition of skeletal muscle phospholipids to differ between
the 2 diet groups, reflecting the dietary fatty acid profile. The SFA group had higher proportions
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of SFAs such as myristic 14:0, pentadecanoic 15:0, and heptadecanoic 17:0 than did the MUFA
group.(Andersson 1226).
Fatty acids in skeletal muscle triglyceride correlate with dietary intake as well, but to lesser of
an extent than in skeletal muscle phospholipids: The differences observed in the fatty acid
profile in the skeletal muscle TG were mostly similar to those in the fatty acid composition of
the PL, but not so pronounced. In muscle TG, higher proportions of myristic (14:0) and palmitic
acid (16:0) were seen in the case of the SFA than in the case of the MUFA group, whereas the
proportions of myristic (14:0), pentadecanoic (15:0) and heptadecanoic acid (17:0) were higher
in the PL. (Andersson 48).
Omega-3 supplements increased proportion of n-3‘s in muscle TG, just as in muscle
phospholipid, but again, the effects were not as pronounced: When comparing the n-3
supplemented subjects with the controls a higher proportion of total n-3 PUFA in the muscle TG
was observed in the supplemented subjects, in agreement with differences observed in the
muscle PL. (Andersson 48). When the n-3 and control groups were compared, a higher
proportion of total n-3 PUFAs in the muscle triacylglycerols was observed in the supplemented
subjects, in agreement with, but not so pronounced as, the observed differences in the muscle
phospholipids. In contrast with the composition of the muscle phospholipids, there were no
significant differences in the proportion of total n-6 PUFAs in the muscle triacylglycerols.
Strong positive correlations were seen between the proportions of PUFAs in particular in
skeletal muscle phospholipids and the corresponding fatty acid in muscle triacylglycerols, serum
phospholipids, and cholesterol esters (Indicating a systemic-like effect).
TO SUMMARIZE:
A high intake of saturated fatty acids was reflected particularly by higher proportions of
pentadecanoic (15:0) and heptadecanoic (17:0) and lower
proportions of oleic acid (18:1 n-9) in the muscle phospholipids, compared to high intake of
mono-unsaturated fatty acids. Furthermore, the subjects given n-3 supplementation
demonstrated a higher proportion of total n-3 PUFA and lower n-6 PUFA in the muscle
phospholipid compared with controls.
In the muscle TG, similar differences were observed: the high intake of saturated intake was
reflected in higher proportions of myristic (14:0) and pamitic acid (16:0) and lower proportion
of oleic acid (18:1 n-9), and the n-3 supplementation was reflected in higher proportion of total
n-3 PUFA. (Andersson 61).
Changes with ethnicity, sex, age, or heritage:
It has been recently found in 2008 that fat deposition in skeletal muscle varies with ethnicity.
Skeletal muscle fat is greater in African ancestry individuals compared with whites. (Milijkovic
1396).
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Changes with exercise: decreases 16:0, increases C18’s sat and monounsat & increases n-3
PUFAs as well.
Long distance running decreases palmitic acid (16:0) and increases C18 fatty acids with miles
run.(Andersson 13).
Generally, a lower proportion of palmitic acid (16:0) and total n-6 polyunsaturated fatty acids
and a higher proportion of stearic (18:0) and oleic (18:1n- 9) and total n-3 PUFAs in the skeletal
muscle phospholipidwere associated with a higher physical activity level. The trainingassociated effects appear to be more pronounced if the physical activity level is higher and of a
longer duration. (Andersson 60).

HEART (SURROUNDING COMPOSITION)
Baseline Fatty Acid Composition:
[The] fatty acid content, i.e. the distribution of fatty acids – palmitic (C16:0), palmitoleic (C16:1),
stearic (C18:0) and oleic (C18:1) in epicardial fat is similar to omental (abdomen) and perirenal
(around the kidney) fat but different from sternal (fat covering the sternum) and popliteal fat
(knee fat pad). (Rabkin)
Higher SFAs and lower Unsaturated FAs in epicardial than in adipose tissue just underneath the
skin: The saturated fatty acids, including myristic acid (14:0), palmitic acid (16:0), and stearic
acid (18:0), were higher, and the unsaturated fatty acids, including palmitoleic acid (16:1n-7),
oleic acid (18:1n-9), linoleic acid (18:2n-6), and linolenic acid (18:3n-3), were lower in epicardial
fat than the subcutaneous adipose tissue. (Abolfathi)
“Oleic acid was the major fatty acid in both tissues [epicardial and subcutaneous], followed by
palmitic acid and linoleic acid.” (Abolfathi)
“The result of this study showed that epicardial adipose tissue contained more proportions of
SFA and fewer proportions of PUFA and monounsaturated fatty acids (MUFA) than
subcutaneous peripheral adipose tissue.” (Abolfathi) My note: Again, this supports my
observation that fat deeper within the body tends to be higher in SFA and lower in MUFA than
fat in the outermost regions of the body.
Long Chain PUFAs do not seem to differ too much between tissues: “One of our findings is that
the proportions of long-chain PUFAs, which can be synthesized endogenously from alphalinolenic acid, was not different in epicardial versus subcutaneous peripheral adipose tissue.
This finding would be consistent with a previous observation that there are no significant
differences in long-chain PUFA between subcutaneous and omental adipose tissue.” (Abolfathi)
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LOW FAT HIGH CARB DIET
• If a low fat, high-carbohydrate diet is eaten consistently, the adipose tissue consists mostly
of 16:0, 18:0, and 18:1n-9, which are the main products of de-novo synthesis. (FAO 29-30).
• The hepatic contribution to whole body carbohydrate induced lipogenesis is minor. Other
tissues, most likely adipose tissue, play the major role quantitatively when surplus carbohydrate
energy is converted into fat in the human body. (Aarsland, Asle 1779).
• The metabolic disposal of dietary carbs includes direct oxidation in various tissues, glycogen
synthesis (in liver & muscles), and hepatic de novo lipogenesis. This latter pathway is
quantitatively not important in man because under most conditions the rate of de novo
lipogenesis does not exceed the concomitant rate of lipid oxidation in the whole body. Thus,
dietary carbohydrates do not appear to increase an individual’s fat content by de novo
lipogenesis. The intake of dietary carbohydrate mainly has the effect of inhibiting fat oxidation
while glucose oxidation is increased....when people consume a regular mixed diet, net de-novo
lipogenesis from carbs is a quantitatively minor pathway in the disposal of dietary carbs.
(Jequier, Eric 682-5). **Author’s note: As you know, we have an excess of simple CHOs in our
diets and the impact this has upon de novo lipogenesis is to increase to a point in which the
liver cannot keep up with shipping out the triglycerides into VLDL’s. The liver becomes fatty
eventually leading to conditions such as NAFLD (non-alcoholic fatty liver disease).
• Under conditions of high carbohydrate intake, de-novo lipogenesis can occur. This process is
very costly in terms of energy, with a loss of about 30% of the energy content of carbohydrate
to heat. However, hepatic de-novo lipogenesis can be stimulated by high carbohydrate intake
or high fructose intake even under iso-caloric (same, controlled calorie amount) conditions.
(Tappy, Luc 623).
• CHO overfeeding markedly increased net de novo lipogenesis at the expense of glycogen
synthesis. (Minehira, Kaori et. al. 1096-1103).
• We can safely conclude that the bulk of de-novo lipogenesis occurred in extra-hepatic
tissues. (Minehira, Kaori et. al. 1096-1103).
Unique metabolic attributes of Carbohydrates:
• CHO intake promotes its own oxidation
• net conversion of CHO into fat is a minor pathway
• replenishment of glycogen stores plays a role in the control of food intake (low-CHO diets
lead to increased food intake)
(Jequier, Eric 682-5).
“In 1996, Dr Becker of University of Massachusetts Medical School stressed that saturated fats
in the sn–1 and -3 position of triacylglycerols exhibit different metabolic patterns because of
their low absorptivity. Dietary fats containing saturated fats primarily in sn–1 and -3 positions
(e.g., cocoa butter, coconut oil, and palm oil) have very different biological consequences than
those fats in which the saturated fats are primarily in the sn–2 position (e.g., milk fat and lard).
Differences in stereospecific fatty acid location should be an important consideration in the
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design and interpretation of lipid nutrition studies and in the production of specialty food
products.” (WIKI, Palm Oil)
It appears from the research done feeding individuals low-fat, high-carb diets, and high-fat,
low-carb diets, that there is only minimal change in the fatty acid composition of adipose tissue
after either diet. However, there is a change in the fatty acid composition of VLDL triglycerides
that function to deliver fat synthesized by the liver, along with other endogenous fats, to the
tissues of the body. The VLDL’s of subjects on a low fat diet had significantly lower amounts
(44% lower) of linoleic acid (18:2), and higher amounts of palmitic (16:0) (54% higher).
On a high-fat diet, the amounts of linoleic and palmitic in VLDL-tg was similar to the
concentrations in the diet and adipose. The difference here is due to the substantial fraction
(30-57%) of VLDL-tg that was formed de novo (synthesized by the body) on the low fat, high
carb diet. Note that this fatty acid synthesis has been observed even in a state of energy
balance (= # of calories) by low fat, high carb diets. (Hudgins, Lisa Cooper et. al).
There is speculation that this fatty acid composition of VLDL’s is less than ideal containing
significantly more saturated fatty acids and less PUFAs that have been show to be protective
against cardiovascular disease.
Also take note that the degree of de novo fatty acid synthesis is affected by whether or not the
carbohydrates are simple or complex, with simple carbs increasing de novo f.a. synthesis to a
greater degree, and thus increasing saturated f.a. in VLDL’s to a greater degree.
Lastly, the researchers noted that more epidemiological studies are needed before the results
of this study can be generalized to diets consumed by the general public.
“As predicted, there was only minimal change in the fatty acid composition of adipose tissue
after either diet.” (Hudgins, Lisa Cooper et. al)
“Thus, the dietary substitution of carbohydrate for fat stimulated fatty acid synthesis and the
plasma accumulation of palmitate-enriched, linoleate-deficient triglyceride. Such changes could
have adverse effects on the cardiovascular system.” (Hudgins, Lisa Cooper et. al. 2081).
“A pattern of low linoleate (18:2) and high de-novo fatty acids (predominantly palmitic) is also
present in the adipose tissue of newborn infants who synthesize most of their fat in-utero from
maternal carbohydrates.” (Hudgins, Lisa Cooper et. al 2089-90).
“The marked decrease in linoleate and increase in palmitate in plasma lipids caused by
increased synthesis of palmitate on low fat diets also occur with palmitate-enriched, high fat
diets. This plasma fatty acid pattern, whether produced by increased de novo or dietary
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palmitate, may have widespread effects on membrane receptor function, thrombosis,
eicosanoid production, and DNA transcription via fatty acid responsive regions. Low 18:2 and
high saturates and/or monounsaturates have been reported in the plasma and adipose tissue
of free-living subjects who have or who develop coronary artery disease.” (Hudgins, Lisa Cooper
et. al. 2090).
“Such observations are of importance because of public health recommendations to markedly
reduce dietary fat and to increase dietary carbohydrate. Increased fatty acid synthesis could
have two majoradverse effects on cardiovascular health. First, an increase in de novo fatty acids
may stimulate hepatic TG synthesis, secretion, and plasma TG concentrations. Secondly, since
the fatty acid preferentially formed by mammalian fatty acid synthase, palmitate (16:0), is a
saturated fatty acid, the composition of TG and other esterified lipids in the plasma and other
tissues may be enriched in saturated fatty acids and depleted in essential, polyunsaturated
fatty acids that cannot be synthesized de novo. Increased plasma TG and reduced plasma or
tissue polyunsaturated fatty acids have both been associated with an increased risk of
cardiovascular disease.” (Hudgins, Lisa Cooper et. al. 2081).
“Fatty acid synthesis was much less increased when half of the carbohydrate was starch or a
mixture of complex carbohydrates. The type of simple sugar may also be important (i.e.
fructose versus glucose).” (Hudgins, Lisa Cooper et. al. 2090).

KETONE BODY METABOLISM
“Ketone bodies are synthesized in mitochondria. This is important because production of acetyl
CoA, the substrate for synthesis of ketone bodies, occurs in the mitochondria via Beta-oxidation
of fatty acids.” (Stipanuk, M.H. p. 330).
“The first step in ketone body synthesis is condensation of two molecules of acetyl CoA to form
acetoacetyl CoA. This reaction is catalyzed by Beta-ketothiolase: Acetyl CoA + Acetyl CoA —>
Acetoacetyl CoA +CoA. The second step involves condensation of a third molecule of acetyl
CoA with acetoacetyl CoA to form 3-hydroxy-3-methylglutaryl CoA (HMG CoA). This reaction is
catalyzed by HMG CoA synthase: Acetyl CoA + Acetoacetyl CoA —> 3-Hydroxy-3-methylglutaryl
CoA +CoA. In the third step of ketone body synthesis, HMG CoA is cleaved to acetoacetate and
acetyl CoA in a reaction catalyzed by HMG CoA lyase. 3-Hydroxy-3-Methylglutaryl CoA —>
Acetoacetate + Acetyl CoA. Both acetoacetate and 3-hydroxybutyrate are considered ketone
bodies…Both acetoacetate and 3-hydroxybutyrate circulate in the blood.” (Stipanuk, M.H. p.
330-331).
“…ketone body utilization in extra hepatic tissues requires energy expenditure. Conversion of
acetoacetate to 2 acetyl CoAs utilizes the equivalent of 1 ATP…The net result is utilization of 1
mol of ATP per mole of ketone body.” (Stipanuk, M.H. p. 333).
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“Ketones are synthesized mainly in the liver, with a smaller contribution from the [kidney] renal
cortex. In both tissues, the substrate for ketogenesis is mitochondrial acetyl-CoA, which is
derived from the Beta-oxidation of long-chain fatty acids and, to a lesser extent, from the
oxidation of ketogenic amino acids (e.g. leucine, lycine). In the fasted state, much of the acetylCoA generated by Beta-oxidation cannot enter the TCA cycle because of a relative shortage of
oxaloacetate which has been diverted to gluconeogenesis. This pathway of ketone body
synthesis converts two acetyl-CoA molecules into one four-carbon acetoacetate molecule…The
acetoacetyl-CoA…is then combined with a third molecule of acetyl-CoA to form Beta-hydroxy-3methylglutaryl-CoA (HMG-CoA) in the reaction is catalyzed by HMG-CoA
synthase…Mitochondrial HMG-CoA is then hydrolyzed by HMG-CoA lyase to produce
acetoacetate plus acetyl-CoA…While about one-third of the acetoacetate produced by HMGCoA lyase is secreted by the liver into the circulation, the other two-thirds is first reduced by
mitochondrial Beta-hydroxybutyrate dehydrogenase and then secreted…as Betahydroxybutyrate….Beta-hydroxybutyrate is more reduced and more energy-rich than
acetoacetate…Since tissues such as muscle that oxidize ketone bodies do not perform
gluconeogenesis and thus do not deplete their supply of oxaloacetate in the fasted state, the
acetyl-CoA molecules generated from acetoacetate and Beta-hydroxybutyrate are readily
oxidized in the TCA cycle.”(Rosenthal, M.D.; Glew, R.H.).
“The reactions of ketone body metabolism are localized in mitochondria, so that the acetylCoA
that is formed enters the citric acid cycle and is oxidized to CO2 and water.” (Stipanuk, M.H. p.
332).
“Ketone bodies are produced mainly in the mitochondria of liver cells, and synthesis can occur
in response to an unavailability of blood glucose, such as during fasting.” (“Ketogenesis,” 2016).
“Fatty acids are enzymatically broken down in β-oxidation to form acetyl-CoA. Under normal
conditions, acetyl-CoA is further oxidized by the citric acid cycle (TCA/Krebs cycle) and then by
the mitochondrial electron transport chain to release energy. However, if the amounts of
acetyl-CoA generated in fatty-acid β-oxidation challenge the processing capacity of the TCA
cycle; i.e. if activity in TCA cycle is low due to low amounts of intermediates such as
oxaloacetate, acetyl-CoA is then used instead in biosynthesis of ketone bodies via acetoacylCoA and β-hydroxy-β-methylglutaryl-CoA (HMG-CoA). Deaminated amino acids that are
ketogenic, such as leucine, also feed TCA cycle, forming acetoacetate & ACoA and thereby
produce ketones.” (“Ketogenesis,” 2016).
“When the body has no free carbohydrates available, fat must be broken down into acetyl-CoA
in order to get energy. Acetyl-CoA is not being recycled through the citric acid cycle because the
citric acid cycle intermediates (mainly oxaloacetate) have been depleted to feed the
gluconeogenesis pathway, and the resulting accumulation of acetyl-CoA activates ketogenesis.”
(“Ketogenesis,” 2016).
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FOOD SOURCES
Details on typical locations of SFAs, MUFAs, and PUFAs from different sources of fat:
• In seed oils, PUFAs are greatly enriched in the sn-2 position while SFA’s are concentrated in
the sn-1 and sn-3 positions, and MUFAs are relatively evenly distributed. In most dietary animal
fats, the SFAs are predominantly in the sn-1 position, although an appreciable amount of oleic
acid is usually present also. (FAO p. 28).
• Saturated vegetable fats (palm oil and cacao butter) contain high amounts of 16:0, which is
almost exclusively esterified at the triglyceride sn-1,3 positions.
• The sn-2 position tends to contain mainly PUFA, especially LA (linoleic acid). In cow milk,
however, all of the butyric acid (C4:0) and most of the hexaenoic acid (C6:0) are in the sn-3
position, whereas the long-chain SFA (C14:0, C16:0, and C18:0) are equally distributed at the sn1 and sn-2 positions. (FAO).
• In human milk, palmitic acid (C16:0) is predominantly in the sn-2 position, whereas stearic
acid (C18:0) is in the sn-1 position.
• Most animal triglycerides, including human adipose tissue, have an unsaturated fatty acid at
the sn-2 position and a saturated fatty acid such as 16:0 at the sn-1 position. Pigs are an unusal
exception with high amounts of 16:0 at the sn-2 position of their adipose triglyceride (lard). In
lard, oleic acid is almost entirely in the sn-2 position. Bovine milk fat also contains SFA’s
primarily in the sn-2 position. Tallow contains SFA’s primarily in the sn-1 and sn-3 positions.
(FAO and Hunter, J. Edward).
• In peanut and olive oil, oleic acid is more evenly distributed among all 3 positions. Olive oil
typically has less than 2% SFA’s in the sn-2 position.(Hunter, J. Edward).
• In marine lipids, SFA and MUFA are preferentially in the sn-1 and sn-3 positions, whereas
PUFA are greatly concentrated in the position sn-2 with substantial amounts also being in
position sn-3. (FAO).

HUMAN MILK
SFA Needs Change throughout Life:
SFA requirements are also related to the stage of development. For example, SFA’s appear to
be essential for the newborn, the young, and during rapid growth as they are required for the
synthesis of membranes and lipoproteins. Indeed, there is an abundance of a wide range of
SFA’s with different chain lengths in mammalian milks. (German & Dillard et. al 915-923).
The structure of the triglycerides found in human milk are highly unusual. 70% of the 16:0
(palmitic acid) is esterified at the triglyceride stereo-specifically numbered sn-2, with
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preferential positioning of 18:1n-9 and 18:2n-6 at the triglyceride sn-1,3 positions. The milk
triglyceride structures and digestive lipases combine to enable efficient digestion and
absorption of 16:0 by conserving 16:0 in sn-2monoacylglycerols, which are absorbed,
reassembled, and secreted in plasma conserving the original milk triglyceride configuration.
Note, breast milk provides 50% total energy from fat with a relatively low amount of protein.
Also to note, confirming the important role of palmitic acid in an infant’s nutrition, the body will
maintain 16:0 (palmitic acid) at 20-25% regardless of the maternal diet. Other fatty acids
(saturated and unsaturated) in human milk will vary dependent upon the maternal diet.
On average, infants consume 2-3 times more triglycerides/body weight than that usually
consumed by adults. Nature seems to have gone to a great extent to provide the developing
human infant before and after birth with high amounts of 16:0, possibly for a reliable source of
energy for growth and development. (Innis, Sheila M. ps. 275-283).

FOOD INDUSTRY & INTERESTERIFICATION:
The food industry uses interesterification to modify the meeting and crystallization behavior of
fats. This may utlimately effect absoprtion if the fatty acid composition at the sn-2 position is
altered. (Hunter, J. Edward p.656) ** you will see this in margarines especially.
Influence of Triacylglycerol Structure on Lipid Metabolism:
Only two fatty acids have been studied for their possible positional effects--primarily palmitic
(16:0) and to a lesser extent, stearic acid (18:0).
The level of 16:0 at the sn-2 position of a triglyceride influences its atherogenicity in rabbits. It
has been found that there is an increased absorbability of fats with palmitic acid (16:0) at the
sn-2 position. Increasing the amount of palmitic acid at the sn-2 position of a fat led to an
increased atherogenic effect. The mechanism of this effect was suggested to be related to
greater absorption of the atherogenic fat. This effect is not observed when palmitic acid is in
the sn-1 and sn-3 positions.
Stearic acid (18:0) at the sn-2 position does not have the same atherogenic effect. Stearic acid
at the sn-2 position increased absorption but didn’t increase atherosclerosis.
No other studies have been reported with the other recognized cholesterolemic SFA’s, namely
lauric and myristic. Also note, different species may vary in responsiveness to dietary palmitic
acid in the sn-2 position. For instance, rabbits responded by developing atherosclerosis and
hamsters did not. Age and subsequent metabolic demands may also play a role, such as with
human infants who will have an increase in their HDL with the more palmitic acid at the sn-2
position that is consumed. It is not known whether modifying the stereospecific structure of
dietary TG’s would affect atherogenicity or other long-term health conditions in
humans.(Hunter, J Edward 655-668). **Hard to run such studies as you might expect.
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Fatty Acid Regulation of the Synthesis & Oxidation of Fatty Acids:
Dietary fat alters hepatic carbohydrate and lipid metabolism through changes in gene
expression. (Jump 2008, p. 247). **details on genes turned on and off are not included below,
just their downstream effects
Omega 3’s & PUFAs in general:
• Dietary PUFAs play a protective role by controlling synthesis and oxidation of SFA and
MUFAs, lower the hepatic fat content, and reduce the secretion of VLDL (transport for
triglycerides from liver to tissues). (Jump 2011, pgs. 115, 117).
• PUFAs (omega-3’s and 6’s) suppress de novo lipogenesis and MUFA synthesis. (Jump 2011 p.
116-117).
• Overall, PUFAs promote a shift in metabolism towards fatty acid oxidation and away from
fatty acid synthesis and storage. (Jump 2008 p. 243).
• PUFA effects on lipid synthesis are seen in the liver, but not necesarily in other tissues, like
the brain. (Jump 2008 p. 243).
• Side Note: Obese humans or patients with type II diabetes or the metabolic syndrome,
however, have low blood and tissue levels of C20-22 PUFAs, an effect attributed to impaired
PUFA synthesis. (Jump 2011 p. 117).
SFA’s:
• Excessive SFA consumption promotes lipid storage, de novo lipogenesis, synthesis of MUFA,
triglyceride synthesis, and inflammation. (Jump 2011 pgs. 115-117).

MICROBIOME/FERMENTATION
Overall, the microbial metabolism of lipids in fermented foods results in the production of
predominantly free fatty acids, aldehydes, and ketones. Esters may also be formed from the
reaction of ethanol produced by yeasts with fatty acids.
Released free fatty acids have increased digestibility. Many microorganisms have an ability to
release protein enzymes that degraded lipids (i.e. lipases), especially all molds, yeasts,
micrococcaceae, staphylcoccaceae, and aerobic gram-negative rods.
Some microorganisms (i.e. yeasts) can breakdown fatty acids through the peroxisomal betaoxidation system, releasing hydroxylated fatty acids that can subsequently be transformed by
microbes into lactones, an important flavor compound.
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In fermented drinks such as wine and beer, most of the fatty acids are consumed or converted
to other compounds during fermentation, leaving little remaining fat in the fermented drink.
easts use the fatty acids from grains (beer) or fruit juice (wine), especially the unsaturated ones,
for their growth and survival during fermentation. While the final product of wine does not
contain much total fat, aging wine may lead to an increase in medium-chain fatty acids that are
excreted by yeasts. Palmitic acid, myristic acid, and lauric acid are the main fatty acids present
in commercial red wines. Less than 0.04% of lipid remains in finished beer.
The microbial fermentation of dairy products such as yogurt and cheese results in the
breakdown of triglycerides and the subsequent release of free fatty acids. The release of shortchain fatty acids which are present in high amounts in ruminant milk contributes significantly to
the flavor of many varieties of cheese.
Microbes may also contribute to the levels of the fatty acid CLA (conjugated linoleic acid)
present in fermented dairy products. CLA has been found to have positive effects upon human
health, showing anti-cancer, tumor suppressing, and immune stimulating properties.
The breakdown of lipids and subsequent release of free fatty acids also occurs in dry fermented
sausages. It has been estimated that around 5% of the total fatty acids present in fermented
sausage may be released as free fatty acids. Of the fatty acids released, the concentrations of
polyunsaturated fatty acids are higher than that of monounsaturated or saturated fatty acids.
Once the fatty acids are liberated, they are more easily subject to oxidative processes that yield
some of the main flavor compounds found in sausage. While these oxidized lipid products may
be desired in some amount, high concentrations produce unpleasant flavor and odors, and can
also destroy some of the nutrients present in the food. At these high levels, the product is
considered rancid and unfit for human consumption.
Fatty acids are also liberated during the fermentation of tempeh, derived from the breakdown
of over 30% of the lipid content.
In general, in a healthy human, fat digestion is 96-99% efficient, and only a small portion of
dietary fat consumed reaches the human colon. However, increasingly popular fat substitutes
such as olestra that have been designed to bypass digestion, and slimming drugs that decrease
the body's ability to digest and absorb fat result in increased amounts of lipid reaching the
colon. The health consequences of increased levels of fat in the colon are not yet known.
Medium-chain fatty acids and unsaturated fatty acids are more readily digested and absorbed
than saturated fatty acids in the upper gastrointestinal tract and thus are less likely to appear in
significant quantities in the large intestine.
Within the colon, colonic bacteria readily metabolize lipid, breaking it down into free fatty acids
and glycerides. Colonic bacteria can also hydrate or hydrogenate unsaturated double bonds
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present in mono- and polyunsaturated fatty acids resulting in the formation of alcohols and
saturated fatty acids. The products of bacterial metabolism can be absorbed without a
transporter or the input of energy (i.e. passive diffusion) and used by the host, although the
health implications of most of these lipid products are unclear at this time. However, the
limited amounts of fatty acids that actually reach the colon relegates lipid metabolism by
colonic bacteria to be only of minor importance to human metabolism.
The polyunsaturated omega-6 essential fatty acid, linoleic acid, is metabolized by colonic
bacteria to RA (rumenic acid), CLA (conjugated linoleic acid) and to VA (vaccenic acid), all of
which are considered to be fatty acids that are beneficial to health, particularly gut health.
Animal studies have revealed RA's anti-cancer, anti-plaque, and immune-modulating activities,
in addition to its positive effects on body composition, blood lipids, liver metabolism and insulin
activity. Studies on animal and human clinical trials have shown that CLA may support
improved gut health. While the uptake of CLA from the intestine appears minor, CLA may have
positive effects on colon tissue, decreasing inflammation, risk of cancer and other diseases
associated with the colon (i.e. inflammatory bowel disease, ulcerative colitis, and Crohn's
disease).
Alteration of Lipids in Dairy by Microbial Fermentation:
"Milk fat also goes through biochemical changes during the fermentation process. Minor
amounts of free fatty acids are released as a result of lipase activity (3). Because most of the
yogurt sold in the United States is of the low-fat and nonfat varieties, hydrolysis of lipids
contributes little to the attributes of most yogurt products. However, yogurt has been shown to
have a higher concentration of conjugated linoleic acid (CLA), a long-chain biohydrogenated
derivative of linoleic acid, than does the milk from which the yogurt was processed (24). A
fermented dairy product from India, referred to as dahi, has also been shown to have higher
CLA content than does nonfermented dahi (25). The major sources of CLA in our diets are
animal products from ruminants, in which CLA is synthesized by rumen bacteria. Increased
consumption of dairy fat was shown to be associated with increased concentrations of CLA in
both human adipose tissue (26) and human milk (27). It was hypothesized that
biohydrogenation also occurs during fermentation of milk and results in higher concentrations
of CLA in the final product (28). CLA was reported to have immunostimulatory and
anticarcinogenic properties (29). In a recent study of breast and colon cancer cells, Kemp et al
(30) showed that the anticarcinogenic properties of CLA may be due to the ability of some CLA
isomers to inhibit the expression of cyclins and thus halt the progression of the cell cycle from
G1 to S phase. In addition, CLA induced the expression of the tumor suppressor." (Adolfsson,
Oskar, Simin Nikbin Meydani, and Robert M. Russell).
"Another important component of milk, which may have a beneficial role in human health is
conjugated linoleic acid (CLA)…CLA formation by bacterial strains has been documented since
the early 1960s. For example, propionibacteria (i.e., as adjunct cultures), possibly lactic acid
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bacteria and some yogurt starter cultures have potential to be used for CLA enhancement in
dairy products." (Mehta, Bhavbhuti M.; Kamal-Eldin, Afaf; Iwanski, Robert Z. pp. 271-272).
"…triglycerides in all cheese varieties undergo hydrolysis by the action of indigenous,
endogenous and/or exogenous lipases, which result in the liberation of fatty acids in cheese
during ripening. The triglycerides of ruminant milk fat are rich in short-chain fatty acids that,
when liberated, have low flavour thresholds that contribute significantly to the flavour of many
cheese varieties. Although some lipolysis occurs in most or all cheeses, it is most extensive in
some hard Italian varieties and in blue cheese. Low levels of lipolysis contribute to the ripening
of Cheddar, Gouda and Swiss cheese, but excessive levels of lipolysis are undesirable and result
in rancidity (McSweeney and Sousa 2000; Collins et al. 2003b….Lipolytic agents in cheese
generally originate from the milk, the coagulant (in the case of rennet paste) and the cheese
microflora (starter, nonstarter and adjunct microorganisms)….However, the most lipolytic
organisms associated with cheese are Penicillium spp., which grow on or in mould-ripened
varieties." (McSweeney, Paul L.H. pp. 130-132).
"Lactic fermentation bacteria (especially these of Lactococcus and Lactobacillus genera) are
considered as weak lipolytic bacteria in comparison to bacteria of such genera as Pseudomonas,
Acinetobacter, and Flavobacterium. Their considerable lipolytic activity is most often observed
during rennet cheese ripening. They are probably responsible for the release of a substantial
amount of short-chain free fatty acids that influence the sensory properties of a food product."
(Mehta, Bhavbhuti M.; Kamal-Eldin, Afaf; Iwanski, Robert Z. pp. 102-103).
"In ripening and mold cheeses, fatty acids (also the saturated ones) are at P1 and P3 position;
therefore, they are more difficult to be absorbed by a human body. In nonfermented products,
it looks different in terms of bioavailability." (Mehta, Bhavbhuti M.; Kamal-Eldin, Afaf; Iwanski,
Robert Z. p. 103).
Alterations of Lipids in Fermented Sausages:
"Lipolysis plays an essential role in the development of dry-sausage flavor. Lipids are
hydrolyzed by enzymes, generating free fatty acids, which are substrates for the oxidative
changes that are responsible for flavor compounds. The first step in the lipid breakdown is the
hydrolysis of triglycerides by both microbial and endogenous (muscle and adipose tissue)
lipases….The concentration of free fatty acids in the fat depends on the hydrolytic activity of
the lipases, the microbial metabolic processes, and the oxidative reactions that work on the
free fatty acids released in the lipolysis and the final products. The advanced lipolysis involves
the liberation of fatty acids that undergo later enzymatic and nonenzymatic oxidative processes
yielding, as final products, carbonyls and other low-molecular-weight compounds (alcohol,
carboxylic acids, etc.) which are the main flavor compounds of the final sausage. Enzymatic
hydrolysis during fermentation accelerates lipid peroxidation." (Mehta, Bhavbhuti M.; KamalEldin, Afaf; Iwanski, Robert Z. p. 322).
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"The fat content of fermented sausages typically ranges from 40 to 60% of dry matter. During
fermentation, long-chain fatty acids are released from triglycerides and phospholipids.
Typically, an increase in the levels of free fatty acids up to approximately 5% of the total fatty
acids has been found…The specific release of polyunsaturated fatty acids is higher than that of
monounsaturated or saturated fatty acids. This may reflect a preference of microbial and meat
endogenous enzymes for the sn3 position of the triglyceride most frequently occupied by
unsaturated fatty acids or a preference for the polar lipid fraction." (Farnworth, E.R., ed. pp.
263-264).
"…a number of animal-based foods from different parts of the world are labeled as 'fermented.'
However, the term 'fermented' is scientifically incorrect because meats (beef, pork, goat,
chicken, fish, seafood, etc.) are composed mainly of water, proteins, and fats, and contain very
low lactic acid fermentable carbohydrates….the operative processes in the transformation
undergone by these animal foods are essentially putrefaction and rancidification….Putrefaction
is a general decomposition process of animal proteins….Rancidification is the decomposition of
fats and other lipids by oxidation. Rancid foods and oils develop highly reactive chemicals that
produce unpleasant and obnoxious odors and flavor, and destroy nutrients in foods. The end
products of animal-based foods resulting from these processes are quite different from those of
fermentation, and are often dangerous for human consumption." (Chow, Ching Kuang pp. 318319).
Alterations of Lipids in Fermented Japanese Miso:
"According to Kiuchi et. al. (30), the fatty acid composition of ordinary miso was similar to that
of soybeans. During fermentation, lipids are hydrolyzed to free fatty acids and glycerol….It is
noteworthy that the amount of diglyceride and monoglyceride are small in comparison with
triglyceride and free fatty acids. Some of the fatty acids are further esterified with ethanol
produced by yeasts to form such esters as palmitate, alienate, and stearate….Linoleic acid is
often further decomposed by the yeasts."(Steinkraus, Keith p. 129).
Alterations of Lipids in Tempe:
"Biochemical changes as the result of high lipolytic and proteolytic activities of the proliferating
mycelium within the soybeans characterize the fermentation into tempe. Fatty acids are
liberated during fermentation, resulting in hydrolysis of over 30% neutral lipid, with a
preferential utilization of alpha-linolenic acid. Nutritionally significant consequences of this
enzymatic action are an increased digestibility of the products and an accompanying elevated
level of free fatty acids and soluble protein." (Steinkraus, Keith p. 626).
Alterations of Lipids in Fermented Drinks:
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"As the majority of fatty acids present in the raw materials is consumed or converted to other
compounds during fermentation, fermented drinks contain very little fats on a weighted or
volume basis…Wines and beers contain very little fats. The bulk, if not all, of fatty acids,
especially unsaturated ones, originally present in fruit juice or grains are utilized for the growth
and survival of yeasts during the fermentation process….During the aging of wine, mediumchain fatty acids are excreted by yeasts, and a small amount of unsaturated acids is
consumed….palmitic acid, myristic acid, and lauric acid are the dominant fatty acids identified
in commercial red wines, and the total fatty acids differ considerably…Similar to wines, very
little of the lipid present in the raw materials survives the brewing process, and less than 0.04%
of lipid remains in the finished beer." (Chow, Ching Kuang pp. 319 - 320).

Alteration of Lipids in Cereal Grains and Legumes:
[In fermented cereal and legume products]…"Lipolytic reactions may take place, leading to the
liberation of free fatty acids, particularly oleic, linoleic, and linolenic acids, which could diminish
the sensory and nutritional quality of the products. However, although oils constitute up to
40% of the legumes used in food fermentations, extensive lipolysis does not take place, and
only low levels of lipase activity were detected…" (Mehta, Bhavbhuti M.; Kamal-Eldin, Afaf;
Iwanski, Robert Z. pp. 224-225).
To Summarize The Effects Of Fermentation On Lipids In Food:
"Among the products of microbial degradation of lipids in food, including fermented food, free
fatty acids, aldehydes, and ketones should be named among the important ones." (Mehta,
Bhavbhuti M.; Kamal-Eldin, Afaf; Iwanski, Robert Z. p. 102).
"Lipid breakdown in foods during fermentation processes takes place by enzymatic hydrolysis.
Hydrolases degrading acyl lipids are present both in raw materials (milk, meat, fish, vegetables,
etc.) and in microorganisms…Lipases activities are present in several foods such as milk, meat,
different species of fish, cereals, oilseeds, fruits, and vegetables. Many microorganisms, above
all molds, yeasts, Micrococcaceae, Staphylococcaceae, and aerobic Gram-negative rods, release
lipases into their culture media." (Mehta, Bhavbhuti M.; Kamal-Eldin, Afaf; Iwanski, Robert Z.
pp. 65-66).
"Fatty acids may be catabolized by some microorganisms (yeasts) through the peroxisomal
Beta-oxidation system,giving rise to the corresponding 4- or 5-hydroxy acids…Hydroxylated
fatty acids are direct precursors of lactones, a very important group of flavor compounds. The
transformation of hydrolxylated acids into lactones (the closing of the ring) can be carried out
by microorganisms or by the pH action." (Mehta, Bhavbhuti M.; Kamal-Eldin, Afaf; Iwanski,
Robert Z. p. 67).
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“In lower organisms, such as yeast, the oxidation of fatty acids is confined to peroxisomes.”
(Suchy, F.J.; Sokol, R.J.; Balistreri, W.F.).
"…although fat digestion is 96-99% efficient in the healthy gut, there is a residual amount that
escapes digestion and enters the large bowel, where it is readily available for bacterial
metabolism, the products of which may be absorbed by passive diffusion and utilized by the
host….Generally, levels of exogenous lipids and lipidlike materials entering the large intestine
are relatively low." (Hillman, Bradley p. 130, 143).
"Under normal physiological circumstances, the two main fermentative substrates in the colon
are non-digestible carbohydrates and proteins. Lipids are only present at influential levels in
patients with severe pancreatic insufficiency." (Calder, P.C.; Yaqoob, P., eds. p. 298).
"Generally, only a small proportion of dietary fat that is consumed by man reaches the large
intestine. Lipids in colonic digesta are derived from this undigested residue of dietary fat and
partly from endogenous secretions and shedding of colonocytes. Intestinal bacterial lipases and
phospholipases release fatty acids and various glycerides that may then be metabolized further
to form products that have implications for intestinal health. Some clinical conditions result in
increased fluxes of lipids to the large intestine, and, increasingly, slimming drugs that inhibit
pancreatic lipases or adsorbants that enable fat to bypass the small intestine also result in large
quantities of dietary lipids reaching the colon. The consequences of increased fat metabolism in
the colon are as yet largely unknown." (Hoyles, L.; Wallace, R.J. p. 3114).
"Lipids appearing in the colon and feces arise partly from dietary lipid that escapes digestion in
the small intestine, partly from bacterial synthesis, and partly from the host. Of the fat that is
ingested, the vast majority is known to be absorbed in the small intestine in healthy humans.
However, certain disease conditions can increase the flow of undigested lipid to the intestine.
Furthermore, some slimming drugs or additives effectively prevent absorption of fat from the
small intestine, leaving more to be metabolized by the colonic microbiota."(Hoyles, L.; Wallace,
R.J. p. 3114).
"Dietary medium-chain fatty acids (FAs) are absorbed completely from the upper
gastrointestinal (GI) tract and do not appear in significant quantities in the large intestine
(Newmark and Lupton, 1990). Unsaturated FAs are much more readily absorbed than saturated
FAs (Hashim and Babayan, 1978). In addition, the specific distribution of FAs on TAG structures
also influences their absorption (Bracco, 1994). Therefore, the nature of the lipid entering the
small intestine, and its absorption through the stomach wall, directly affects the amount and
type of lipids entering the large intestine." (Hoyles, L.; Wallace, R.J. p. 3114).
"In healthy humans, the vast majority of free fatty acid formed from dietary lipids is absorbed in
the small intestine. The anaerobic bacterial microflora have the capability to hydrate, and
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hydrogenate double bonds found in unsaturated fatty acids. This is evidenced by the presence
of 10-hydroxystearic acid in human feces. The limited amounts of fatty acids that are
transported to the lower intestinal tract relegate intestinal bacterial metabolism to minor
significance in humans." (Ouwehand, A.C.; Vaughan, E.E., eds. p. 140).
Some Health Implications:
"Linoleic acid (LA) (cis-9,cis-12-18:2) is metabolized in the human colon via conjugated linoleic
acids (CLA) (mainly cis-9,trans-11-18:2) to vaccenic acid (VA) (trans-11-18:1) (both of the latter
compounds are considered to be beneficial for health [5, 11, 27, 28, 31, 41]) and then to stearic
acid (18:0) (17, 26)….Animal studies and clinical trials have indicated that CLA may be useful in
improving human health (5, 27, 31). The uptake of CLA formed in the intestine seems to be
minor (17). However, local effects on gut tissue might be anticipated. It is now well established
that CLA have antiproliferative and anti-inflammatory effects on colonocytes (4, 19), so
provision of CLA in the intestinal lumen could be considered beneficial, particularly for
inflammatory bowel diseases, such as ulcerative colitis and Crohn's disease (10)." (Devillard, E.;
McIntosh, F.M.; Duncan, S.H.; Wallace, R.J.).
"Our knowledge of lipid metabolism in the human colon has for many decades been
rudimentary in comparison with the rumen….There is no evidence of oxidation and elongation
of fatty acids originally from the diet, although such reactions must occur within bacteria for
their endogenous fatty acid synthesis. Metabolism of fatty acids in the large intestine occurs
predominantly with MUFA and PUFA, via hydration and biohydrogenation of the unsaturated
bonds in the aliphatic chain…many anaerobic bacteria, including some colonic species, carried
out hydration of oleic acid to HSA…HSA (hydroxystearic acids) formation from unsaturated fatty
acids is a widespread function among intestinal bacteria….Other hydroxy acids may be formed
as intermediates in the metabolism of PUFA….HSA concentrations in feces increase as a
consequence of various clinical conditions…Whether HSA has any implications for health other
than a consequence of disease or abnormality is less clear." (Hoyles, L.; Wallace, R.J. pp. 31243127).
"The other main route of fatty acid metabolism, biohydrogenation…was not confirmed in man
until the work of Howard and Henderson. The same discovery had been made in the rumen 35
years earlier. Most attention has been paid to the biohydrogenation of linoleic acid (LA, cis-9,
cis-12 -- 18:2), which is metabolized mainly by conversion to the conjugated dienoic acid
rumenic acid (RA, cis-9, cis-12--18:2), which is then hydrogenated to vaccenic acid (VA, trans-11
- 18:1), then to stearic acid (18:0). Alpha-linolenic acid (LNA, 18:3) is also metabolized rapidly
by the fecal microbiota, forming a mixture of 18:3 and 18:2 isomers….biohydrogenating C-18
PUFA and MUFA might be considered in some ways beneficial to health…CLA and VA, on the
other hand, are considered to have possibly potent effects on human health. In vitro and in
vivo animal studies have suggested that the usually most abundant CLA, RA, has anticarcinogenic, anti-atherosclerotic and immune-modulating effects, as well as favorable
influences on body composition, blood lipids, liver metabolism and insulin sensitivity….VA has
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been shown to suppress the growth and affect cellular responses of human mammary and
colon cancer cell lines through its conversion to RA…Therefore, increasing CLA and VA intake
may have potential benefits on health. One possibility to deliver more CLA/VA to the host is to
use the biohydrogenating ability of intestinal bacteria. CLA formed in the intestine might be
absorbed and contribute to systemic CLA….even if CLA absorption from the intestine is minimal,
there may be in situ benefits from intestinal CLA production. In mouse models of inflammatory
bowel disease, CLA were shown to exhibit anti-inflammatory properties….Further studies
demonstrated that CLA exerted anti-carcinogenic activity in the rat colon and exhibited antiproliferative properties on the growth of human colon cancer cells in vitro. Therefore,
mechanisms by which CLA might be delivered to and formed in the intestine have important
implications for long-term human gut health." (Hoyles, L.; Wallace, R.J. pp. 3214-3128).

CIRCADIAN RHYTHM
“In mammals, most -- if not all -- cells harbor their own molecular timer....External time
information is perceived by a master circadian pacemaker located in the hypothalamic
suprachiasmatic nucleus (SCN) which relays timing cues to the rest of the body....Clock genes
further regulate the activity of numerous site-specific output genes, thereby translating timeof-day information into physiologically meaningful signals. Both rodent and human studies
suggest a tight interaction between circadian clock regulation and energy homeostasis.
Circadian disruption, either external (as seen for example in shift workers) or internal (e.g. in
Clock gene mutant mice), can lead to obesity and the development of type 2 diabetes and
metabolic syndrome....White adipose tissues (WATs) store large amounts of lipids in the form
of triglycerides (TGs). During extended periods of energy shortage (e.g. fasting) the release of
lipids from WAT mediated by the hydrolysis of TGs to free fatty acids (FFAs) and glycerol
(lipolysis) become an important energy source for other organs. The timing of FFA release from
adipose stores, however, has to be tightly controlled as excess of circulating lipids may lead to
lipotoxicity and promote cardiovascular disorders. On the other hand, redundant deposition of
TGs causes obesity, a risk factor for type 2 diabetes. Previous reports show that adipose tissues
exhibit rhythmic clock gene expression in mice and man....circadian disruption may lead to
increased adipose tissue deposition and obesity, as observed in human shift workers and in
various clock gene mutant mice.”
“Circadian clocks regulate local cellular physiology via transcriptional programs involving large
numbers of tissue-specific clock-controlled genes....Here we report that blood FFA and glycerol
concentrations show strong variations across the day....Here we show that adipose tissue clocks
may directly affect diurnal lipid homeostasis by regulating FFA/glycerol mobilization from WAT
stores via transcriptional regulation of the lipolytic machinery.” (Shostak, A.; Meyer-Kovac, J.;
Oster, H.).
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ESSENTIAL FATTY ACIDS
“...the concept of ‘essential’ fatty acids was introduced to represent those dietary fatty acids
required by mammals that are not synthesized in vivo. Fatty acids are classified as essential
based on the position of the first double bond from the methyl end of the acyl chain. Mammals
do not possess enzymes that are able to synthesize double bonds at the n-6 and n-3 positions
of the carbon chain of a fatty acid. Therefore, humans must obtain the essential fatty acids,
linoleic acid (C18:2n-6) and alpha-linolenic acid (C18:3n-3), and their chain-elongated
derivatives, from dietary sources.” (Erdman, J.W.; MacDonald, I.A.; Zeisel, S.H. p. 132).
“..contrary to received wisdom, mammals can synthesize linoleate and alpha-linolenate
because their precursors are not only readily chain elongated through an existing and active
pathway but also because the precursors are common in the human diet. The point is that the
statement that ‘linoleate and alpha-linolenate cannot be synthesized’ (in mammals) is incorrect
unless it is qualified by the addition of ‘de novo.’” (Cunnane, S.C. May 2003).
“To most specialists in fatty acid metabolism, the term PUFA is equivalent to ‘essential fatty
acid.’ However, I feel that the term--essential fatty acid (EFA)--is flawed and should be
abandoned because few people agree on which PUFA are EFA. Some adhere to a stricter
definition limited to linoleate and alpha-linoleate; others include several long chain PUFA.
Ultimately, many recognize that the need for PUFA is conditional on stage of life cycle and
health status, but this important attribute is not possible if fatty acids are either ‘essential’ or
‘non-essential.’ In place of EFA, PUFA is a good general term for the same family of fatty acids.
Alternatively, the specific fatty acids themselves should be identified. The term PUFA avoids
the old and widely held bias implied by the term ‘essential,’ namely that such fatty acids only
have biological roles as structural components of membranes or as precursors to eicosanoids.
This bias results in other quantitatively important routes of the metabolism of these fatty acids,
i.e ketogenesis, being largely ignored.” (Cunnane, S.C. 2004).
“...the term EFA is widely used to refer to about eleven 18-22 carbon omega-6 and omega-3
polyunsaturated fatty acids. However, it can legitimately be applied to well over thirty omega-6
and omega-3 PUFA that vary in chain length from 14 to at least 40 carbons in chain length, and
contain from 2 to at least 8 double bonds....no one, even amongst the specialists, really has the
same definition of an EFA.” (Cunnane, S.C. 2003).
“It seems that body AA status is well regulated with respect to magnitude and the safety of the
AA storage form. This is not the case for DHA, and also ALA to DHA conversion proceeds with
difficulty. The difficulty tracks down to the conversion of 22:5(n-3) to DHA. The concept
emerges that at least some LCP might be conditionally essential to humans, or perhaps
essential, as in the obligate carnivorous cat. Some of us, like the Inuits, may have even more
difficulty synthesizing LCP because of long-standing predominantly carnivorous diet (26). A
consistently high dietary LCP intake by our hominid ancestors might have precluded the need to
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conserve a highly sophisticated expression machinery of genes coding for the enzymatic
conversion of ALA to DHA. In other words, there might not have been a need to regulate DHA
levels if our ancient diet was consistently rich in DHA...Taken together, it is conceivable that we
are poor DHA synthesizers and that the ancient diet was rich in LC(n-3)P, but that does not
necessarily imply that higher LC(n-3)P would be needed to prevent any contemporary adverse
effects. The low LC(n-3)P synthesis rate may still provide us with a sufficient LC(n-3)P status.
Whether this is the case should be determined by epidemiological observations and
intervention studies....Human beings are poor DHA synthesizers, possibly because of their LC(n3)P-abundant ancient diet. Dietary changes in the past century have lowered the (n-3) status to
a current state of subclinical deficiency that is epidemiologically related to CVD, inflammatory
disorders, mental and psychiatric diseases and suboptimal neurodevelopment. The strongest
evidence comes from randomized controlled trials with LC(n- 3)P, showing reduced mortality
from CVD, improved neonatal neurodevelopment, and lower blood pressure in later life. With
these studies as evidence, we conclude that DHA is likely to be essential.” (Muskiet, F.A.J. et. al.
p. 184).
“Whether the dietary essentiality of a-LNA reflects the activity of a-LNA itself or of longer-chain,
more unsaturated fatty acids synthesized from a-LNA, including eicosapentaenoic acid (20:5n-3,
EPA) and docosahexaenoic acid (22:6n-3, DHA), remains a matter for debate. The concentration
of a-LNA in cell membranes and blood lipids in healthy adult humans is typically less than 0.5%
of total fatty acids, which suggests that the a-LNA content of these lipid pools is likely to have a
limited influence on biological function. In contrast, the longer-chain more unsaturated n-3
fatty acids docosapentaenoic acid (22:5n-3, DPA) and DHA, and to a lesser extent EPA, are
present in substantially greater amounts in cell membranes and in the circulation. In particular,
DHA accounts for about 20–50% of fatty acids in the brain and in the retina [3]. Perhaps the
strongest evidence in support of the suggestion that the principal biological role of a-LNA is as a
substrate for synthesis of longer chain polyunsaturated fatty acids (PUFAs) comes from studies
in animal models, which show that reduced maternal dietary a-LNA intake during pregnancy
adversely affects retinal function in the offspring. This is due to a reduction in accumulation of
DHA into photoreceptor cells and reflects impaired rhodopsin activity [4 .,5].” (Burdge, Graham
p. 137).
“Their precursor, linoleic acid, is essential for human development (growth) and plays an active
role in good health in general. Due to changes in agricultural practices, the intake of linoleic
acid has increased over the last century. For example in the US diet, the median intake of
linoleic acid represents 6% of total energy (14 g for 2000 kcal) [5].” (Choque, B. et. al.).
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“The fatty acid profile of vegetable oils varies widely, and therefore different oils have different
proportions of linoleic acid and alpha-linolenic acid. Safflower, sunflower, corn, and soybean
oils are high in linoleic acid, yet, of these only soybean oil is a significant source of alphalinolenic acid. Flaxseed, linseed, and canola oils are also high in alpha-linolenic acid but
relatively low in linoleic acid. Olive and canola oils have a higher content of monounsaturated
oleic acid.” (Erdman, J.W.; MacDonald, I.A.; Zeisel, S.H. p. 133).
“Omega-6 and omega-3 fatty acids are essential because humans, like all mammals, cannot
make them and must obtain them in their diet. Omega-6 fatty acids are represented by linoleic
acid (LA; 18:2x6) and omega-3 fatty acids by a-linolenic acid (ALA; 18:3x3). LA is plentiful in
nature and is found in the seeds of most plants except for coconut, cocoa, and palm. ALA on the
other hand is found in the chloroplasts of green leafy vegetables, and in the seeds of flax, rape,
chia, perilla and in walnuts. Both EFA are metabolized to longer-chain fatty acids of 20 and 22
carbon atoms. LA is metabolized to arachidonic acid (AA; 20:4x6), and LNA to EPA (20:5x3) and
DHA (22:6x3), increasing the chain length and degree of unsaturation by adding extra double
bonds to the carboxyl end of the fatty acid molecule (Fig. 2).” (Simopoulos, A.P. 2008).
“ALA is abundant in certain plant foods including walnuts, rapeseed (canola), several legumes,
flaxseed, and green leafy vegetables.” (Stark, A.H.; M. A. Crawford; R. Reifen).
“...a more realistic linoleate requirement in humans should vary from about 0.5% to about 1.5%
of energy intake depending on physiological status. At present in North America, average
linoleate intake is about 8% of energy intake, i.e. at least five times and up to as much as 16
times the reasonable estimate of its requirement in most healthy people (8% versus 0.5-1.5% of
energy intake)....A recent report commissioned by the Institute of Medicine of the US National
Academy of Sciences recommends that the current intake of linoleate in the USA is ‘adequate’,
i.e. 17 g/day for men or about 5% of energy based on an overall energy intake of 3000
kcal/day....Certain representatives of the food industry with a vested interest in promoting
linoleate intake have already begun representing this ‘adequate’ linoleate intake as appropriate
and desirable even though it exceeds what is needed by at least 5 fold. Experimental evidence
indicates that a more reasonable linoleate requirement would be about 3-4 g/day on a 3000
kcal/day diet....There is growing concern that westernized countries have excess intake of
linoleate and insufficient intake of omega-3 PUFA. Excess linoleate intake exacerbates an
already low omega-3 PUFA intake by competition for uptake, transport and acylation into
membranes.” (Cunnane, S.C. May 2003).
“...healthy adults generally have at least 1 kg of linoleate in body stores, more if they have more
than 20% body fat. If the true linoleate requirement of a healthy adult human is about 5 g/day,
there is a store of linoleate in body fat alone that would last 200 days; even if it is 10g/day,
there is a 100 day (>3 month) store....Voluntary weight loss of 10 kg over 12 weeks in obese
men skews linoleate balance such that its oxidation triples its intake, so, clearly, the
dispensability of linoleate is conditional on stage of development, body fat stores and health in
general.” (Cunnane, S.C. May 2003).
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FATTY ACID MECHANISMS
GENE EXPRESSION
Some PUFA’s may regulate gene expression involved in lipid and energy metabolism:
“Fatty acids regulate the expression of genes involved in lipid and energy metabolism. In
particular, two transcription factors, sterol regulatory element binding protein-1c (SREBP-1c)
and peroxisome proliferator activated receptor α (PPARα), have emerged as key mediators of
gene regulation by FA. SREBP-1c induces a set of lipogenic enzymes in liver. Polyunsaturated
fatty acids (PUFA), but not saturated or monounsaturated FA suppress the induction of
lipogenic genes by inhibiting the expression and processing of SREBP-1c....Dietary PUFA, except
for 18:2 n-6, are likely to induce FA oxidation enzymes via PPARα as a “feed-forward”
mechanism.” (Nakamura, M.T. p. 1077).
“The effects of fatty acids on gene expression have received considerable attention because
this represents a direct route for fatty acids to regulate gene function (12, 13). n-3 PUFAs have
rapid effects on gene expression; changes in mRNAs encoding several lipogenic [fat
synthesizing] enzymes can be detected within hours of feeding animals diets enriched in n-3
PUFA (47, 48). Moreover, these effects are sustained so long as the n-3 PUFAs remain in the
diet. In these cases, the fatty acid acts like a hormone to control the activity or abundance of
key transcription factors.” (Jump, D.B.).
“Both LA and ALA may be converted by chain elongation, desaturation and chain-shortening
into their respective long-chain metabolites, collectively named LCP (≥20 carbon atoms and ≥3
double bonds). The most important LCP of the (n-6) fatty acid series is arachidonic acid (AA),
whereas EPA and DHA are the major LC(n-3)P. LCP may also be derived from the diet. High
contents are present in meat (AA) and fish (EPA, DHA). AA and DHA are especially abundant in
the brain and the retina. Both LCP and their parent precursors may serve for energy generation,
but LCP are relatively protected from beta-oxidation compared with their parents. AA and DHA
are important building blocks of structural lipids. LCP in phospholipids contribute to
membrane properties like fluidity, flexibility, permeability and modulation of membranebound. DHA in retina and postsynaptic membranes is crucial for adequate functioning of
embedded proteins, i.e., rhodopsin for vision and postsynaptic receptors for
neurotransmission. AA, EPA and dihomo-gamma-linolenic acid (DGLA), liberated from
membrane phospholipids, are precursors of short-lived highly potent regulatory hormones
collectively named eicosanoids. These play important roles in inflammatory reactions, blood
pressure control and platelet aggregation. Eicosanoids from AA are involved in
vasoconstriction/platelet aggregation (TxA2), inhibition of vasodilatation/platelet aggregation
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(prostaglandin I2), inflammation, and leukocyte chemotaxis and adhesion. EPA and DGLA
compete with AA for eicosanoid synthesis. The eicosanoids of EPA (e.g., PGI3) and DGLA are
generally less potent and may thereby change the balance towards attenuated inflammation,
platelet aggregation and vasoconstriction. PUFA, LCP and their derivatives are of increasing
interest as modulators of gene expression (“diet- gene interaction”). They are, for example,
ligands of peroxisome proliferator activated receptors (PPAR) (3) and suppressors of sterol
regulatory element binding proteins (4). These are nuclear transcription factors at the
crossroads of metabolic control, cholesterol homeostasis and inflammation. PPAR-β/δ is
implicated in growth and development (5).” (Muskiet, F.A.J. et. al. p. 183).
“Recently it has been shown that fatty acids rapidly and directly alter the transcription of
specific genes (74)....Whereas some of the transcriptional effects of PUFA appear to be
mediated by eicosanoids, the PUFA suppression of lipogenic and glycolytic genes is
independent of eicosanoid synthesis, and appears to involve a nuclear mechanism directly
modified by PUFA.” (Simopoulos, A.P. 2008).
“Recent studies show that some polyunsaturated fatty acids play a role in regulating gene
expression involved in lipid and energy metabolism. Alpha-linolenic acid regulates transcription
factors such as peroxisome proliferator-activated receptors (PPARs). These transcription
factors are important in modulating the expression of genes controlling both systemic and
tissue-specific lipid homeostasis and membrane composition.” (Erdman, J.W.; MacDonald, I.A.;
Zeisel, S.H. p. 133).
“The PPARs perhaps compose the best recognized sensor system for fatty acids (Fig. 1). PPARs
are transcription factors that are members of the superfamily of nuclear hormone receptors,
which also include receptors for fat-soluble vitamins A and D and steroid hormones (5). Nuclear
receptors function as ligand-activated transcription factors by binding small lipophilic
molecules. They share a modular structure consisting of a DNA- and ligand-binding domain and
play a role in a numerous biological processes (6)....It has been shown that PPARα is dominant
in mediating the effects of dietary fatty acids on hepatic gene expression, including many genes
involved in fatty acid catabolism...PPARα acts as a master regulator of hepatic lipid catabolism
by inducing the expression of numerous genes involved in mitochondrial and peroxisomal fatty
acid oxidation, as well as other lipid-related pathways, inflammatory pathways, and glucose
metabolism (41). Accordingly, it can be argued that activation of PPARα by fatty acids in the
liver and heart is part of a feed-forward mechanism aimed at promoting oxidation of incoming
fuels and thereby preventing the intracellular accumulation and consequent lipotoxicity of fatty
acids by stimulating their oxidation. A similar role can be envisioned for PPARδ in skeletal
muscle. In addition to stimulation of fatty acid oxidation and possibly by stimulating conversion
of fatty acids into TGs...Activation of PPARγ by fatty acids may be aimed at promoting
conversion of incoming fatty acids to TGs and stimulating overall TG storage capacity, thereby
protecting against lipotoxicity.” (Georgiadi, A.; Kersten, S.).
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“Particular fatty acids or the fatty acid profile as a whole can alter essential metabolic processes
like fat accumulation, synthesis (lipogenesis), and oxidation (lipolysis). The capacity of n-6 and,
especially, n-3 PUFAs to limit lipid storage and, consequently, adipocyte size and hypertrophy of
adipose tissue has been well documented in experimental animals, and it was suggested that
oils containing these fatty acids suppressed the growth of fat tissues. We have already
mentioned that in our population of overweight and obese subjects, a significant inverse
correlation was found between the adipose tissue content of n-3 PUFAs and fat cell size. N-3
PUFAs can suppress fatty acid synthesis, increase their oxidation, and reduce triacylglycerol
synthesis.” (Watson, R.R. p. 498).
“PUFA in the form of CLA also suppresses adipocyte differentiation, fatty acid transportation,
and lipogenesis, and increases proteins that promote fat oxidation in animals and humans. CLA
has also been shown to promote the apoptosis [i.e. cell death] of pre-adipocytes and
adipocytes, leading to a reduction in adipose cell numbers....However, available human data
suggest that the acute postingestive effects of PUFA manipulation are not sustained, which
results in limited or modest body weight and fat mass loss over a longer period of time....While
animal studies may have demonstrated the visceral fat-reducing effects of PUFA, these effects
are yet to be replicated in humans. To date, the effects of PUFA on weight loss and fat mass
reduction in the abdominal region in humans are modest and may be of little clinical
importance.” (Watson, R.R. p. 420).
“ALA is the precursor of three important longer-chain n-3 fatty acids, eicosapentaenoic acid
(EPA 20:5w3), docosapentaenoic acid (DPAw3 22:5w3), and docosahexaenoic acid (DHA
22:6w3), which have vital roles in brain development and function, cardiovascular health, and
inflammatory response. Omega-3 fatty acids are incorporated into the membrane lipid bilayer
in virtually all body cells and affect membrane composition, eicosanoid biosynthesis, cell
signaling cascades, and gene expression.” (Stark, A.H.; Crawford, M.A.; Reifen, R.).
“More recently, however, the effects of fatty acids on gene expression have been investigated
and this focus of interest has led to studies at the molecular level (Tables 3 and 4⇓⇓). Previous
studies have shown that fatty acids, whether released from membrane phospholipids by
cellular phospholipases or made available to the cell from the diet or other aspects of the
extracellular environment, are important cell-signaling molecules. They can act as second
messengers or substitute for the classic second messengers of the inositide phospholipid and
cyclic AMP signal transduction pathways (48). They can also act as modulator molecules
mediating responses of the cell to extracellular signals (48). It has been shown that fatty acids
rapidly and directly alter the transcription of specific genes (49).” (Simopoulos, A.P.).
“The observation of reduced fat mass can be explained by n-3 PUFA acting as ligands to activate
PPAR-α, which induces the transcription of genes involved in β-oxidation. The triglyceride
lowering effect of n-3 PUFA in circulation are thought to be mediated via PPAR-α-dependent
mechanisms, which may also explain the observed improvement in insulin sensitivity in people
consuming n-3 PUFA rich diets.” (Kim, J.; Li, Y.; Watkins, B.A.).
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“A mechanism proposed for PUFA modulation of insulin sensitivity involves the regulation of
genes involved in adipogenesis, in particular PPARG, which encodes the transcription factor
PPARγ. This factor acts to promote adipocyte differentiation, lipid storage, and, consequently,
sensitivity to insulin. Natural ligands of this transcription factor are linoleic (C18:2n-6), γ-linoleic
(C18:3n-6), arachidonic (C20:4n-6), and EPA (C20:5n-3) acids...Epidemiological evidence
indicates that olive oil and MUFAs can enhance insulin sensitivity. When we analyzed the
relationship between adipose tissue fatty acid composition and markers of insulin resistance,
our data showed that visceral fat composition was significantly associated with circulating
insulin levels. This association was positive with adipose tissue SFAs and negative with MUFAs,
especially with oleic acid. This provides more evidence in favor of a protective nature for this
fatty acid, and consequently of olive oil and the Mediterranean diet.” (Watson, R.R. p. 497).

SIGNALING MOLECULES
“Fatty acid sensing can be interpreted as the property of fatty acids to influence biological
processes by serving as signaling molecules. Although it is well established that fatty acid
derivatives such as eicosanoids have a major signaling function, there is convincing evidence
that fatty acids themselves also carry this property. Part of this regulation occurs via regulation
of gene transcription.” (Georgiadi, A.; Kersten, S.).
“A number of proteins are involved in the cellular uptake of FFA, including CD36 and various
fatty acid transporters (3). After uptake, fatty acids are bound by fatty acid–binding proteins
and can undergo a number of metabolic fates including oxidation in mitochondria and
esterification and storage in lipid droplets. In addition, fatty acids can serve as signaling
molecules by affecting intra- and extracellular receptor sensor systems either directly or after
conversion to specific fatty acid derivatives. An example of these lipid sensors are the nuclear
receptors that mediate activation of gene transcription by a variety of hydrophobic compounds,
including retinoic acid, steroid hormones, oxysterols, and bile acids (4).” (Georgiadi, A.; Kersten,
S.).

ENDOCANNABINOID SYSTEM
“Linoleic acid is the most abundant polyunsaturated fatty acid in human nutrition and
represents about 14 g per day in the US diet....Linoleic acid is a direct precursor of the bioactive
oxidized linoleic acid metabolites. It is also a precursor of arachidonic acid, which produces proinflammatory eicosanoids and endocannabinoids.” (Choque, B. et. al.).
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“The endocannabinoid (eCB) system is in a unique position to link food lipids, synaptic activity
and behavior. The two principal eCBs, anandamide (AEA) and 2— arachidonoylglycerol (2—AG),
are signaling lipids produced from membrane long— chain fatty acids in response to neuronal
activity that bind a G—protein coupled receptor (GPCR) named CB1 receptor (CB1R) 8. The eCB
system is a major actor of synaptic plasticity and its deregulation has been postulated to
contribute to the etiology of mood disorders....In conclusion, by linking diet to altered synaptic
functions of CB1R in relevant brain areas, our data provide the first synaptic substrate for the
impairment of emotional behavior, including depression, associated with the low levels of n—
3—PUFAs frequently observed in western diets.” (Lafourcade, M. et. al.).
“Marijuana and its major psychotropic component, 9-tetrahydrocannabinol, stimulate appetite
and increase body weight in wasting syndromes, suggesting that the CB1 cannabinoid receptor
and its endogenous ligands, the endocannabinoids, are involved in controlling energy balance.
The endocannabinoid system controls food intake via both central and peripheral mechanisms,
and it may also stimulate lipogenesis and fat accumulation...This first cannabinoid receptor,
which is also the most abundant GPCR in the brain, was named CB1 after the cloning of the
second cannabinoid receptor subtype, CB2, which instead is mostly present in immune cells.
The first two endogenous cannabinoid receptor ligands, or endocannabinoids, were discovered
in the early 1990s. N-arachidonoyl ethanolamine (anandamide) and 2-arachidonoyl glycerol (2AG) are derivatives of arachidonic acid, an 6-polyunsaturated fatty acid, which is in turn derived
from essential fatty acids and is the precursor of several other chemical signals....Diet-derived
6-polyunsaturated fatty acids (6-PUFAs) are incorporated into membrane phospholipids, which
can subsequently be metabolized into the two major endocannabinoids, 2-AG and anandamide,
by membrane-associated enzymes.” (Marzo, V.D.; Matias, I.).
“Using diets with 8% linoleic acid as energy intake, Alvheim et al., have shown a correlation
between the level of linoleic acid and endocannabinoid synthesis [70]. Indeed, this study has
demonstrated a significant increase in endocannabinoids when increasing the percentage of
dietary linoleic acid (from 1% to 8% energy intake).” (Choque, B. et. al.).
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Figure 9. Dietary PUFA and Modeling of Membrane Phospholipids Influence Endocannabinoid Signaling
(Kim, J.; Li, Y.; Watkins, B.A.).

“The actions of the AA-derived ligands of ECS, AEA and 2-AG, influence a host of psychological
and physiological functions such as food intake and energy balance [89], pain perception [90],
and memory processes [91]....Elevated levels of AA-derived endocannabinoids lead to increased
tone have been implicated in obesity and in exacerbating the extent of obesity [44,97]. Upon
activation, the ECS stimulates appetite via CB1 in the hypothalamus leading to increased body
weight, promoting lipogenesis and fat accretion, and impaired glucose uptake into skeletal
muscle [61,98]. These robust metabolic and physiologic changes associated with stimulation of
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the ECS are the basis for targeting this signaling system to control not only obesity but
conditions of insulin resistance and potentially diabetes.” (Kim, J.; Li, Y.; Watkins, B.A.).
“Considerable evidence supports the concept that overstimulation of endocannabinoid
receptors leads to excessive fat accretion and impaired and decreased glucose uptake in muscle
thus facilitating the development of obesity and diabetes....The Western diet is typically rich in
n-6 PUFA leading to a higher level of arachidonic acid (AA shown in red) in cellular membranes.
The high AA content in membrane phospholipids would promote the overstimulation of the
endocannabinoid signaling system. Overstimulation of the endocannabinoid system leads to
increased appetite and body weight gain associated with fat accumulation and reduced glucose
uptake in muscle. Dietary polyunsaturated fatty acids (PUFA) can increase or decrease
arachidonic acid (AA) in cellular membranes for the synthesis of endocannabinoids. The
resulting EC signaling from a diet having high n-6 PUFA content is hypothesized to be different
from that for diets containing long chain n-3 PUFA (Fig. 1). Introducing n-3 PUFA
[eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)] to the Western diet directly
reduces the substrate amount of arachidonic acid (AA) available in membrane phospholipids
(PL) for the synthesis of AEA and 2-AG. In addition, the long chain n-3 PUFA (DHA and EPA) may
serve as endocannabinoid substrate for docosahexaenoyl ethanolamide (DHEA) and
eicosapentaenoyl ethanolamide (EPEA) that bind to the receptors CB1 and CB2. The benefits of
including long chain n-3 PUFA in the diet are hypothesized to restore endocannabinoid tone to
reduce obesity and insulin resistance and improve systemic energy balance.” (Kim, J.; Li, Y.;
Watkins, B.A.).
“...the potential role of dietary sources of EPA and DHA may help restore endocannabinoid tone
via multiple steps as illustrated in Fig. 2 from the typical pattern of dietary practice in Western
cultures shown in Fig. 1.” (Kim, J.; Li, Y.; Watkins, B.A.).
“As mentioned previously, the Western diet is rich in LA and to some extent AA [7]. This dietary
environment is apparently a principal reason for the overactivation of the ECS as depicted in
Fig. 1. Taking together that dietary AA has been demonstrated to restore or even elevate AEA
and 2-AG [123] combined with the findings that overactivation of the endocannabinoid system
is likely to play a role in obesity by acting on multiple peripheral sites has stimulated greater
interest in LA. Because LA is the precursor to AA, Alvheim et al. [124] investigated its potential
in inducing endocannabinoid hyperactivity. Increasing the amount of LA in the diet fed to mice
resulted in increased food intake, feed efficiency, and adiposity. The levels of 2-AG, 1-AG, and
AEA were all elevated in liver and erythrocytes as the degree of adiposity increased in mice fed
the LA rich diet. The addition of long chain n-3 PUFA (EPA and DHA) to the highest level of LA in
the diet reversed the observed obesogenic effects in mice. Thus, this study demonstrated that
the anti-adipogenic effect of EPA and DHA in reducing the membrane-associated AA to
normalize endocannabinoid tone. The action of dietary long chain n-3 PUFA on the
endocannabinoid signaling pathway is shown in Fig. 2.” (Kim, J.; Li, Y.; Watkins, B.A.).
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Figure 10. Intake of Long Chain n-3 PUFAs and Endocannabinoid signaling system(Kim, J.; Li, Y.; Watkins,
B.A.).

“This early evidence on the potential actions of long chain n-3 PUFA on the ECS is promising but
additional studies are needed to segregate and distinguish the effects of both n-6 and n-3 PUFA
on this dominate signaling pathway that controls food intake and directs systemic energy
metabolism.” (Kim, J.; Li, Y.; Watkins, B.A.).
Other roles of PUFA’s: as an energy source, in the formation of eicosanoids, membrane
phospholipids, to synthesize non-essential saturated and monounsaturated fatty acids, etc. --“The biological effects of the omega-6 fatty acids are largely produced during & after physical
activity for the purpose of promoting growth and during the inflammatory cascade to halt cell
damage and promote cell repair by their conversion to omega-6 eicosanoids that bind to
diverse receptors found in every tissue of the body....Omega-6 fatty acids are precursors to
endocannabinoids, lipoxins and specific eicosanoids.” (Wikipedia, the free encyclopedia.
“Omega-6 fatty acid.”).
“Most of the modulatory effect of fatty acids on inflammation can probably be attributed to
fatty acid metabolites, including prostaglandins, leukotoxins, resolvins, endocannabinoids,
ceramides, and diacylglycerols (77). However, there is accumulating evidence that fatty acids
may be able to directly activate or suppress inflammatory pathways.” (Georgiadi, A.; Kersten,
S.).
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“In general, eicosanoids participate in critical physiological functions (induction of fever,
increase of vascular permeability, vasodilation, regulation of smooth muscle tones, neuronal
function, platelet aggregation, and chemotaxis) and, in particular, the most significant actions
of eicosanoids are focused on their participation as inflammatory regulators and on the
modulation of immune system.” (Watson, R.R.; Zibadi, S.; Preedy, V.R. p. 136).
“As a rule, dietary fats are absorbed very efficiently from the digestive tract, and ALA is no
exception. Burdge recently reported that absorption levels of ALA are 96% or more. There are
several possible metabolic fates for ALA that enters the bloodstream. The body can store the
fatty acids in adipose tissue, use them for acetyl-CoA or energy production through b-oxidation,
synthesize other non-essential saturated or monounsaturated fatty acids (MUFA), or convert
them to longer-chain n-3 polyunsaturated fatty acids (PUFA) in the liver.” (Stark, A.H.;
Crawford, M.A.; Reifen, R.).
“Specific functions have been described for linoleic acid in skin, where there is evidence that it
is required to control water permeability (47). Linoleic acid also can be metabolized to an
antiproliferative compound, 13-hydroxyoctadecadienoic acid, via the 15-lipoxygenase pathway
(48)....In mammals, the functions that have been described for ALA include being the precursor
of the long-chain n-3 FA, being a preferred substrate for β-oxidation and for carbon recycling in
the brain and other tissues (54), and having a putative role in skin and fur (55–57).” (Sinclair,
A.J.; Attar-Bashi, N.M.; Li, D.).
“Studies in humans and animals reveal that a major catabolic route of metabolism of ALA is βoxidation. In the rat, approximately 60% of an oral dose of labeled ALA was expired as CO2 in
24 h compared with less than 20% for palmitic, stearic, and arachidonic acids (58). Pan and
Storlien (14) reported that the higher the proportion of PUFA in the diet, the higher the rate of
β-oxidation of labeled ALA in rats. In humans, between 16 and 20% of ALA was expired as CO2
in 12 h (59,60); of the 18-carbon FA, ALA was the most highly oxidized while linoleic acid
appeared to be somewhat conserved in humans (61).” (Sinclair, A.J.; Attar-Bashi, N.M.; Li, D.).
“Another major route of metabolism of ALA in rats and primates involves carbon recycling into
de novo lipogenesis in the brain and other tissues in pregnant, lactating, fetal, and infant
animals (60). When labeled ALA is fed to animals, a substantial proportion of the label ends up
in brain saturated and monounsaturated FA and cholesterol (54,62,63). It is not known whether
this is due to β-oxidation of ALA in the brain or in nonneural tissues such as liver and muscle
and transport and uptake of ketones by the brain...A third metabolic pathway for ALA, and
often thought of as the main pathway, is as the precursor of longer-chain, more unsaturated
FA, such as EPA, DPA (22:5n-3), and DHA (60,65)....A putative pathway of ALA metabolism is
deposition in skin (57,68,69) and secretion onto fur of small mammals (57)....It was proposed
that ALA was secreted from the skin and onto the fur by the sebaceous glands, and that its
function was to protect the fur from damage by water, light, or other agents....Linoleic acid
prevents abnormal water loss through the skin, which occurs in EFA deficiency...” (Sinclair, A.J.;
Attar-Bashi, N.M.; Li, D.).
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“The high levels of brain DHA across mammalian species led to early speculations that this
molecule was playing a crucial role in the nervous system (18). Many studies using ALAdeficient diets in different animal species have shown reductions in the level of DHA in brain.
Associated changes in brain function (auditory, olfactory, learning, memory, appetite events,
neuron size, nerve growth factor levels) have been reported (23–29).” (Sinclair, A.J.; AttarBashi, N.M.; Li, D.).
“In addition to their important roles in membrane phospholipids and as energy source,
polyunsaturated fatty acids are required in the formation of metabolic regulators called
eicosanoids. Eicosanoids, as a class of diverse components, function in cardiovascular,
pulmonary, immune, secretory, and regulatory systems...The biologically active compounds
derived from 20-carbon unsaturated fatty acids were classified as eicosanoids in 1979.”
(Erdman, J.W.; MacDonald, I.A.; Zeisel, S.H. p. 133).
“Dietary fatty acid composition has been shown to play an important role in eicosanoidmediated function. The consumption of diets high in n-3 fats produces higher levels of n-3 fatty
acids in phospholipids. These fatty acids, when cleaved from phospholipids, compete with
arachidonic acid for incorporation into eicosanoids...eicosanoid overproduction from
arachidonic acid, a result of diets poor in n-3 fatty acids, may result in a number of disorders
associated with the inflammatory and immune systems, including thrombosis, arthritis, lupus
and cancer.” (Erdman, J.W.; MacDonald, I.A.; Zeisel, S.H. p. 139).

OXLAMS
Linoleic acid supplies the formation of oxygenated lipid metabolites known as Oxlams that have
been associated with various diseased states:
“To conclude, Oxlams are pleiotropic bioactive derivatives of linoleic acid. They seem to be
implicated in a variety of pathological conditions. Oxlams are reported to play a key role in
foam cell formation and pathogenesis of atherosclerosis [50,51]. Some studies have also shown
an elevated circulating level of Oxlams in Alzheimer’s disease [45] and steatohepatitis [52].”
(Choque, B.).
“There are other concerns about increasing linoleic acid intakes above current amounts,
however. No populations have ever consumed large amounts of linoleic acid with proven
safety. This contrasts with high intakes of oleic acid in the Mediterranean region, where large
amounts of olive oil are consumed; in this region, rates of coronary artery disease are low, as is
total mortality. In laboratory animals, high intakes of linoleic acid can promote chemical
carcinogenesis and suppress the immune system; the same is not true for oleic acid. Limited
epidemiological data further suggest that high linoleic acid consumption can increase the risk of
human cancer. Finally, linoleic acid enriches membrane phospholipids and predisposes them to
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free radical oxidation. This could lead to harmful effects, such as accelerated aging or increased
cancer risk. An example is the increased susceptibility of LDL to oxidation associated with high
intakes of linoleic acid; this effect theoretically could predispose to enhanced atherogenesis.”
(Grundy, S.M.).

FATTY ACID MEMBRANE COMPOSITION & METABOLIC RATE
Differences in Fatty Acid Composition of Membranes Between Species & Its Connection to
Metabolic Rate:
“These findings, along with those on baboons (Savage & Goldstone, 1965) and birds (Newman
et al., 2002), indicate that increasing the PUFA content of the diet increases metabolic rate.
While fewer investigations have been conducted with humans the trends appear to be similar.
Jones and Schoeller (1988) compared subjects consuming diets differing in their
polyunsaturated to saturated fat ratio and consistent with the animal studies, the more
polyunsaturated diet was associated with a greater metabolic rate. Similarly, in another human
study the more polyunsaturated diet was associated with an increased resting metabolic rate
and also a greater thermogenic response to food (Van Marken Lichtenbelt, Mensink &
Westerterp, 1997). Couet et al. (1997) conducted a human crossover study in which the
polyunsaturated to saturated fat ratio of the two diets was identical (0.2), however the diets
differed in the type of PUFA they contained. Consumption of the diet enriched with fish oil
(high in n-3 PUFAs) was associated with a reduced body fat mass and increased resting
metabolic rate, suggesting that long chain n-3 PUFAs are also effective in stimulating the
metabolic rate of humans.
Taken collectively these studies indicate that increasing the level of PUFA in the diet elevates
metabolic rate and although none measured dietary-induced changes in membrane
composition, this avenue is likely to be the mode of action of enhanced dietary PUFA. This
conclusion is heavily influenced by recent studies explaining the metabolic rate of different
species and particularly the development of what has been called the ‘membrane pacemaker’
theory of metabolism (Hulbert & Else, 1999, 2000). Mass-specific resting metabolic rate varies
dramatically (>100-fold) between different animals and a consistent finding has been that
species with high metabolic rates have highly polyunsaturated membranes while species with
low metabolic rates have cellular membranes that are more monounsaturated (see Hulbert &
Else, 1999, 2000)....In summary, the significant, if relatively small effects that dietary fat
composition has on metabolic rate are probably mediated by the limited effects such dietary
composition changes have on the fatty acid composition of membrane lipids. Polyunsaturated
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fats, and especially n-3 PUFAs increase metabolic rates of mammals.” (Hulbert, A.J.; Turner, N.;
Storlien, L.H.; Else, P.L.).
“Basal metabolic rate (BMR) varies dramatically among vertebrate species, both (i) being
several fold higher in the endothermic mammals and birds compared to the ectothermic
reptiles, amphibians and fish, and (ii) being much greater, on a body mass basis, in small
vertebrates compared to large vertebrates....Membrane composition also varies between
vertebrates and the degree of polyunsaturation of membrane phospholipids is correlated with
cellular metabolic activity. In general, the tissue phospholipids and thus membrane bilayers of
endotherms are more polyunsaturated than those from similar-sized ectotherms. In mammals
membrane polyunsaturation is allometrically related to body mass. We suggest that
membranes can act as pacemakers for overall metabolic activity. We propose that such
membrane polyunsaturation increases the molecular activity of many membrane-bound
proteins and consequently some specific membrane leak–pump cycles and cellular metabolic
activity. We hypothesize a possible mechanistic basis for this effect that is based on a greater
transfer of energy during intermolecular collisions of membrane proteins with the unsaturated
two carbon units (C=C) of polyunsaturates compared to the single carbon units of saturated
acyl chains, as well as the more even distribution of such units throughout the depth of the
bilayer when membranes contain polyunsaturated acyl chains compared to monounsaturated
ones.” (Hulbert, A.J.; Else, P.L. p. 257).
“A survey of the major processes that contribute to BMR reveals that many are either directly
or indirectly linked to membranes. Activities such as mitochondrial proton leak, Na+ and Ca2+
cycling account for approximately half of BMR. Activities such as protein synthesis often occur
on membrane-bound structures, use amino acids moved across membranes with a consequent
Na+ flux (in turn serviced by the sodium pump). Actinomyosin ATPase is activated by Ca2+ that
needs to cross membrane barriers through membrane proteins. Much information transfer
involves membrane-bound proteins. The maintenance of the thermodynamically nonequilibrium state of life involves the maintenance of many trans-membrane gradients.
Membranes and their lipids are ideally suited to play a pacemaker role in metabolism. This is a
new concept and approach capable of clarifying the determinants of BMR.” (Hulbert, A.J.; Else,
P.L. p. 259).
“From our empirical findings, we have come to hypothesize that the lipid acyl composition of
membranes can influence the activity of important membrane pump/leak cycles and thus the
metabolic activity of animals. Specifically, animals with high metabolic activity have relatively
polyunsaturated membranes while those with low metabolic activity have membranes which
are more monounsaturated. Furthermore, these differences in membrane lipids exert their
effects by changing the molecular activity of membrane proteins.” (Hulbert, A.J.; Else, P.L. p.
259).
“In small mammals (mice) all tissues were highly polyunsaturated, whilst in the larger mammals
a decreased membrane polyunsaturation with increased body size was observed. This trend
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was especially manifest in the profile of n-3 polyunsaturates and was present in all tissues
examined, but the brain. Brain phospholipids retained a high degree of polyunsaturation
regardless of the body size of the mammal examined.” (Hulbert, A.J.; Else, P.L. p. 259).
“Our own studies began by comparing the basis of the eight-fold difference in BMR of an
endothermic mammal compared to an ectothermic lizard of same body size and body
temperature (Else & Hulbert, 1981; Hulbert & Else, 1981). The results showed the more active
mammal to have relatively larger metabolically active organs, but the major difference was
fundamentally a cellular one. Later, we showed this to be a general cellular difference between
reptiles and mammals (Else & Hulbert, 1985a). Our studies showed that the cellular difference
was associated with a faster Na+ leak-pump cycle in the mammal (Else & Hulbert, 1987; Hulbert
& Else, 1990) with more polyunsaturated membranes (Hulbert & Else, 1989), a faster
mitochondrial proton cycle (protons leak in-respiratory chain pumps protons out) and more
polyunsaturated mitochondrial membranes (Brand et al., 1991). In all of these studies, activities
were measured at the same temperature, namely 37 degrees C, this being the preferred body
temperature of both the desert reptile and the mammal. This enabled us to “factor out” the
effect of temperature in the metabolic comparison. Our examination of the allometric variation
in metabolic activity that produces an approximately 15-fold difference in metabolic intensity
per gram between mice and cattle (Kleiber, 1961) showed a similar pattern. This allometric
trend is partly due to changes in the relative size of tissues but is also due to a fundamental
cellular difference in metabolic activity that is allometrically related to body mass (Holliday et
al., 1967; Else & Hulbert, 1985a, b; Couture & Hulbert, 1995a). Tissues in smaller mammals
have a faster Na+ cycle (as measured by sodium pump activity, Couture & Hulbert, 1995a) and
have more polyunsaturated membranes (Couture & Hulbert, 1995b). They also have more
mitochondria with an increased membrane density (Else & Hulbert, 1985b), a greater
mitochondrial proton leak (Porter & Brand, 1993) and more polyunsaturated mitochondrial
membranes than larger mammals (Porter et al., 1996).” (Hulbert, A.J.; Else, P.L. pp. 259-260).
“An obvious question relating to our hypothesis concerns the shrew, probably the most
metabolically active mammal. A recent report of the fatty acyl composition of tissue
phospholipids in both the common shrew and the water shrew reports them to be highly
polyunsaturated (especially with 22:6) in both species. The smaller common shrew more so
than the larger water shrew, with each tissue examined showing the same differences (Kakela
& Hyvarinen, 1995).” (Hulbert, A.J.; Else, P.L. p. 260).
“In essence, low metabolic activity in vertebrates was correlated with increased
monounsaturation whilst high metabolic activity was correlated with an increased
polyunsaturation of mitochondrial membranes....From all of these studies there has emerged a
consistent correlation between the lipid composition of membranes and metabolic activity. In
both “phylogenetic” comparisons and “body size” studies we find high metabolic activity
associated with more polyunsaturated membranes (especially with long chain omega 3 fats)
and low metabolic activity associated with more monounsaturated membranes.” (Hulbert, A.J.;
Else, P.L. p. 261).
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“Most FAs in membranes of vertebrates are between 16 and 22 carbons long, with an average
chain length of around 18 carbons....Fatty acyl chains (and cholesterol) found in membranes are
derived either from the diet or de novo synthesis. In higher animals, the synthesized FAs are
saturated, being predominantly 16:0 and 18:0, and are converted to unsaturated FAs by
membrane-bound multi-enzyme desaturase complexes that are capable of inserting double
bonds at specific places in the FA chain and are named accordingly. The tissues (or more
specifically the membranes) of vertebrates have ∆5, ∆6, and ∆9 desaturases, whilst
microorganisms and plants (and possibly some invertebrates) also have ∆12 and ∆15
desaturases. Prior to the evolution of vertebrates, these ∆12 and ∆15 desaturase enzymes were
lost and consequently the ability of vertebrates to directly place C=C units deep into the middle
50% of the membrane bilayer was also lost. To do this requires FAs from other organisms,
obtained either from the diet or intestinal biota. These dietary essential fatty acids are the
PUFAs of which there are two main groups. The products of ∆12 desaturase are called the n-6
(or omega 6) PUFAs and further processing by the ∆15 desaturase produces the n-3 (or omega
3) PUFAs. Thus, if we consider that the average membrane bilayer consists of two 18 carbon
thick monolayers, then membranes without PUFAs will have no C=C units in the middle half of
the bilayer whilst membranes with only n-6 PUFAs will have no C=C units in the middle third of
the bilayer. Importantly it is only the n-3 PUFAs that contribute C=C units to the middle portion
of membranes.” (Hulbert, A.J.; Else, P.L. p. 262).
“...although changes in the fatty acyl composition of the diet may influence the relative
occurrence of individual fatty acids in the membrane lipids it will not often significantly affect
the overall degree of unsaturation of the membranes (e.g. Withers & Hulbert, 1987). Diet,
however, can have very significant effects by influencing the balance between the different
types of polyunsaturates in membranes (e.g. Pan et al., 1994).” (Hulbert, A.J.; Else, P.L. p. 264).
“Support for our hypothesis that there is a general effect of membrane polyunsaturation on the
activity of membrane proteins and thus metabolic activity, is present in a number of studies
reported in the literature. Diets with a high polyunsaturate content have been found to
increase BMR in both rats (Shimomura et al., 1990; Pan & Storlien, 1993) and humans (Couet et
al., 1997).” (Hulbert, A.J.; Else, P.L. p. 266).
“Reconstitution experiments have shown that not only can increased membrane
polyunsaturates increase the activities of some membrane enzymes, but they can also be
protective of the enzymes....Other membrane proteins that have been shown to be influenced
by the general level of membrane polyunsaturation include key proteins involved in signal
transduction such as the G-protein coupled rhodopsin (Litman & Mitchell, 1996) and protein
kinase C (Slater et al., 1996).” (Hulbert, A.J.; Else, P.L. p. 266).
“The effects of polyunsaturation on protein function can also be found within studies on
temperature-induced homeoviscous adaptation. Cold-acclimated trout increase their
erythrocyte membrane polyunsaturation and sodium pump activity whilst sodium pump
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number remains unchanged (Raynard & Cossins, 1991). Similarly, mitochondrial membrane
lipids extracted from cold-acclimated goldfish exhibit a greater reactivation of the delipidated
succinic dehydrogenase than do those from warm-acclimated goldfish (Hazel, 1972). These
results show that the molecular activity of some membrane proteins can be increased by the
elevated level of membrane unsaturation that takes place during homeoviscous adaptation.”
(Hulbert, A.J.; Else, P.L. p. 267).
“As previously noted a substantial proportion of the BMR is oxygen consumed by the
mitochondrial respiratory chain (i.e. the mitochondrial proton pump) to counteract a proton
leak across the mitochondrial membrane. The mitochondrial membrane of mammalian liver is
more leakier to protons and more polyunsaturated than that from reptiles which is more
monounsaturated (Brand et al., 1991). Proton leak of liver mitochondria also varies with body
size in mammals in a similar way to BMR (Porter Brand, 1993). Mitochondrial membranes are
more polyunsaturated in smaller mammals and this is part of the explanation of the allometric
variation in mitochondrial proton leak (Porter et al., 1996). This trend is probably not restricted
to the liver, as the body-size-related trend in fatty acyl composition has also been observed in
phospholipids from kidney, heart and muscle (Couture & Hulbert, 1995b).” (Hulbert, A.J.; Else,
P.L. p. 268).
“We have gradually (and unexpectedly) uncovered what we believe is a general difference
between high and low metabolically active systems; namely the degree of
polyunsaturation/monounsaturation of appropriate membranes. The overwhelming impression
from these studies is that polyunsaturated membranes have the ability to significantly increase
the activity of many major membrane-bound enzymes. Whilst there is no doubt that many
specific effects are involved (e.g. eicosanoid production) we are suggesting that there is a more
general “pacemaker'' effect related to the physical properties of polyunsaturates. For BMR,
such stimulation results in an increase in the rate of oxygen consumption.” (Hulbert, A.J.; Else,
P.L. p. 268).
“An increase in temperature, which is a measure of the increased velocity of molecules, will
result in greater kinetic energy transfer during inter-molecular collisions. Within membranes
there are continual lateral collisions between constituents, namely lipids and proteins. Whilst
membrane proteins can laterally migrate within membrane bilayers, the membrane lipids
themselves have lateral diffusion coefficients (of ~106 nm2 s-1) that are two orders of
magnitude greater than those of proteins (Storch & Kleinfeld, 1985). This suggests that
membrane proteins are being continually bombarded by membrane lipids. These collisions are
very important in that they are anisotropic and therefore “organized” to some extent and it is
from these collisions that many membrane events originate. Temperature acts to increase
kinetic energy by increasing the average velocity of the molecules. However, another potential
way of facilitating kinetic energy transfer between molecules during collisions, is to increase the
mass involved in the collision. This may be important with respect to unsaturated acyl chains.
Because a saturated acyl molecule is analogous to a flexible chain, a collision with it is often
likely to be with a single unit (i.e. a -C- unit), however, if the double bond of unsaturation has
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acted to rigidly link the adjacent carbons then collision with an unsaturated acyl chain will
sometimes involve collision with this part of the molecule (i.e. a -C=C- unit). Such -C=C- units
have substantially more atomic mass than -C- units and thus possibly result in greater energy
transfer during collision with other membrane molecules.” (Hulbert, A.J.; Else, P.L. pp. 268-269).
“A polyunsaturate such as 22 : 6 [DHA] because of its regular repetition of cis double bonds in
the chain is a spiral-like molecule (see Stubbs & Smith, 1984) which gives it some order. Besides
probably oscillating between being “short and wide” and “tall and thin” (see earlier section), it
is also continually colliding with adjacent molecules in a bilayer and, because of its six C=C units,
transferring much more kinetic energy than molecules with single methylene residues such as
those found in saturated acyl chains and in the “saturated” sections of unsaturated acyl chains.
The number of such units in an acyl chain as well as their relative distribution across a bilayer is
also likely to be important. In a monounsaturated natural bilayer, all C=C units are located in
two layers, about a quarter of the way into the bilayer from each face, whereas in a
polyunsaturated bilayer they are distributed more equally throughout the entire depth of the
bilayer. Docosahexanoic acid (22 : 6) has both the greatest number of C=C units and the most
even distribution of these units throughout the bilayer depth. It also has a relatively even
distribution of these C=C units around the acyl molecule. Thus, 22 : 6 appears to be the acme of
polyunsaturates. We propose it is so because it is able to facilitate energy transfer between
itself and other membrane constituents that facilitates and speeds up interactions between and
within membrane proteins. It acts as a sort of membrane “energizer”.
It seems that with polyunsaturates in membranes “one can have one's cake and eat it too”, that
one can have both high intermolecular energy transfer and a reasonable degree of
order....Similarly, it may be that the reason nervous tissue, such as the brain, accumulates
polyunsaturated acyl chains such as 22:6 is that it can have the advantages of temperature (fast
responses) without its disadvantages (denaturation of proteins?)....It is also understandable
that such membrane components would facilitate activities such as those that occur in the
retina where sensory transduction requires a cascade of interactions between a number of
membrane proteins. Although we cannot find information in the literature, we would predict
that other sensory systems, such as olfactory and auditory epithelia, may have similarly highly
polyunsaturated membranes.” (Hulbert, A.J.; Else, P.L. p. 269).
“The various tissues of small mammals are relatively equally polyunsaturated with respect to
phospholipid acyl composition (Couture & Hulbert, 1995b). As mammals evolved and some
increased in body size, this high metabolic intensity proved to be a problem. The problems
were those of obtaining the increased energy requirements but also getting rid of the wastes
(notably heat). For example, it has been calculated that if rhinocerus had the metabolic
intensity of a mouse it would require a surface temperature of boiling water to rid itself of its
basal heat production. An obvious problem! A decline in metabolic intensity thus became
necessary as mammals increased in body mass during their evolution. Presumably, this is the
reason for the allometric decrease in tissue desaturase activity as mammals increase in body
mass (Couture & Hulbert, 1995b). That the exceptions to this trend are the brain and sensory
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organs, such as the retina, is also understandable. If membrane polyunsaturation results in a
general “speeding up'' of membrane-related process, there would be a distinct selective
advantage in exempting the brain and other sensory tissues, which are so important in
responding to immediate challenges, from the general allometric decline in membrane
polyunsaturation and metabolic activity with increases in body size. This is the pattern one
observes in the fatty acyl composition, especially in the n-3 polyunsaturate profile, of tissue
phospholipids of mammals (Couture & Hulbert, 1995b).” (Hulbert, A.J.; Else, P.L. p. 270).
Summary: “Membrane-related processes, such as the maintenance of trans-membrane
gradients, are important components of the overall metabolic activity of a vertebrate animal
and variations in these membrane-related processes are influenced by the nature of the
membrane bilayer. The relative degree of polyunsaturation of membranes can act as a
pacemaker of metabolic activity, with the increased polyunsaturation of the membrane bilayer
resulting in an increase in metabolic activity by stimulating the molecular activity of membrane
proteins....The membranes involved include both the plasma membrane and mitochondrial
membranes and all tissues, except the brain and some sensory tissues, show these trends.”
(Hulbert, A.J.; Else, P.L. pp. 270-271).

EFFECT ON LIFE SPAN
“Recently, it has been discovered that the fatty acid composition of cell membranes varies
systematically between species, and this underlies the variation in their metabolic rate. When
combined with the fact that 1) the products of lipid peroxidation are powerful reactive
molecular species, and 2) that fatty acids differ dramatically in their susceptibility to
peroxidation, membrane fatty acid composition provides a mechanistic explanation of the
variation in maximum life span among animal species. When the connection between
metabolic rate and life span was first proposed a century ago, it was not known that membrane
composition varies between species. Many of the exceptions to the rate-of-living theory appear
explicable when the particular membrane fatty acid composition is considered for each case.”
(Hulbert, A.J.; Pamplona, Reinald; Buffenstein, Rochelle; Buttemer, W.A.).
“Oxygen radicals can attack many cellular molecules. In addition to protein and DNA
modification (reviewed in Ref. 312), damage to membrane lipids is also very relevant for life
span determination....This means that saturated and monounsaturated fatty acyl chains (SFA
and MUFA, respectively) are essentially resistant to peroxidation while PUFA are damaged.
Furthermore, the greater the degree of polyunsaturation of PUFA, the more prone it is to
peroxidative damage....Docosahexaenoic acid (DHA), the highly polyunsaturated omega-3 PUFA
with six double bonds, is extremely susceptible to peroxidative attack and is eight times more
prone to peroxidation than linoleic acid (LA), which has only two double bonds. DHA is 320
times more susceptible to peroxidation than the monounsaturated oleic acid (OA) (148)....In
this way, variation in membrane fatty acid composition, by influencing lipid peroxidation, can
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have significant effects on oxidative damage to many and varied cellular macromolecules.”
(Hulbert, A.J.; Pamplona, Reinald; Buffenstein, Rochelle; Buttemer, W.A.).
“...an interesting finding over the last couple of decades has been that membrane-associated
activities constitute a large component of cellular metabolic activity during rest (302). For
example, it has been estimated that the maintenance of two transmembrane ion gradients
(namely, the Na+ gradient across the plasma membrane and the H+ gradient across the
mitochondrial inner membrane) together are responsible for about half of the energy turnover
associated with the BMR of mammals (302).” (Hulbert, A.J.; Pamplona, Reinald; Buffenstein,
Rochelle; Buttemer, W.A.).
“For every doubling of body mass of mammal species there is a 12–24% decrease in the relative
DHA content of cellular membranes of mammals (164), which is not dissimilar to the ∼19%
decrease in their mass-specific BMR. The cellular membranes of small mammal species are
more polyunsaturated than those of large mammal species, and in mammals, this body sizerelated variation in membrane DHA content is the dominant influence on the body size-related
variation in membrane composition. A substantial number of membrane-associated processes
have also been shown to vary with body size of mammals and have been related to this
difference in membrane composition. Indeed, it has been proposed that it is the difference in
membrane fatty acid composition that is causal to the differences in BMR, and this proposal has
been called the membrane-pacemaker theory of metabolism (refer to Refs. 156, 158–160 for
detailed explanation). This theory notes that the cellular membranes of animals with high rates
of mass-specific metabolism have high degrees of polyunsaturation and proposes that such
high membrane polyunsaturation results in physical properties of membrane bilayers that
speed up the activity of membrane-associated proteins and consequently the metabolic rate of
cells, tissues, and the whole animal. While this theory is supported by a large body of
correlational evidence, there is also important experimental evidence (e.g., from “species crossover” studies) that substantiates the theory (93, 341, 374). At the same time that the fatty acid
composition of membranes from a variety of mammalian tissues was related to variation in
BMR (69, 158, 159), Pamplona and colleagues (266, 271, 272, 275–277) also measured the
membrane fatty acid composition of a number of mammalian tissues and related it to MLSP of
the particular species. Thus the novel and unexpected finding that the composition of
membrane bilayers varies systematically in mammals provided a link between metabolic rate
and maximum life span of mammalian species. In agreement with this, it was demonstrated
that in long-lived mammals, the low degree of membrane fatty acid unsaturation was
accompanied by a low sensitivity to in vivo and in vitro lipid peroxidation (269, 272, 275–277)
and a low steady-state level of lipoxidation-derived adducts in both tissue and mitochondrial
proteins of skeletal muscle, heart, liver, and brain (267, 268, 274, 277, 292, 307).” (Hulbert, A.J.;
Pamplona, Reinald; Buffenstein, Rochelle; Buttemer, W.A.).
“Birds have a much higher maximum longevity (MLSP) than mammals of similar metabolic rate.
Recent data showed that pigeon mitochondria produce oxygen radicals at a rate much slower
than rat mitochondria, in spite of showing similar levels of oxygen consumption (Free Rad. Res.,
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21 (1994) 317–328). Since oxidative damage from and to mitochondria seems important in
relation to aging and longevity, and mitochondrial membranes are situated at the place where
oxygen radicals are generated, we studied protein and lipid peroxidation and fatty acid
composition of the three main membrane phospholipids of liver mitochondria from rats (MLSP
= 4 years) and pigeons (MLSP = 35 years). It was found that pigeon mitochondria show lower
levels of fatty acid unsaturation than rat mitochondria in the three lipid fractions, mainly due to
a substitution of highly unsaturated fatty acids (20:4 and 22:6) by linoleic acid (18:2), and that
these mitochondria are more resistant to lipid peroxidation. Previous research has also
obtained exactly the same major difference in fatty acid composition in human mitochondria
when compared to those of rat. Thus, present information suggests that the liver mitochondrial
membranes of especially long-lived species show both a low level of free radical production and
a low degree of fatty acid unsaturation as important constitutive protective traits to slow down
aging.” (Pamplona, R. et. al. 1996).
Summary: “It is only relatively recently that we have appreciated that the body size-related
variation in whole animal metabolic rate is largely a cellular property and that variation in the
fatty acid composition of membranes may underlie this difference in metabolic activity of cells.
Indeed, it is only recently that we have become aware that cell composition (and specifically
membrane composition) varies in a systematic manner between species. This fact was not
known when the connection between the speed of metabolism and a species longevity was first
recognized. We have suggested here that membrane fatty acid composition may be a
fundamental property determining maximum longevity. When the fact that fatty acids differ
dramatically in their susceptibility to peroxidative damage is combined with species variation in
membrane composition, the link between body size, metabolic rate, and longevity becomes
more apparent. In this contribution, we have discussed evidence that the fatty acid composition
of membranes can potentially explain 1) the shorter longevity of small mammals compared
with larger mammals, 2) the exceptional longevity of naked mole-rats compared with similarsized mice, 3) the extended longevity of wild-derived lines of mice compared with laboratory
mice, 4) the longer life spans of birds compared with similar-sized mammals, 5) the extended
longevity of rodents caused by calorie restriction, 6) the longevity difference between workers
and queens in honeybees, and 7) also suggested it may be an explanation for the exceptional
longevity of our own species, Homo sapiens. Furthermore, we have also discussed the studies
which show that membranes with fatty acid compositions prone to peroxidation are also
associated with greater levels of lipoxidative damage to other cellular constituents. All these
studies suggest that variation in membrane fatty acid composition may be an important missing
piece of the jigsaw puzzle explaining aging and the mechanisms that determine the maximum
life span specific for each species. It is a testable hypothesis that awaits further experiments.”
(Hulbert, A.J.; Pamplona, Reinald; Buffenstein, Rochelle; Buttemer, W.A.).
“...one aspect of body composition of mammals also varies with body size, namely the fatty
acid composition of membranes. Fatty acids vary dramatically in their susceptibility to
peroxidation and the products of lipid peroxidation are very powerful reactive molecules that
damage other cellular molecules. The ‘‘membrane pacemaker’’ modification of the ‘‘oxidative
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stress’’ theory of aging proposes that fatty acid composition of membranes, via its influence on
peroxidation of lipids, is an important determinant of lifespan (and a link between metabolism
and longevity).” (Hulbert, A.J. 2010).
“It has been long known that an animal’s speed of energy turnover (its metabolic rate) and its
total time alive (its longevity) is related to its body size....For our body size, we humans should
expect to have a maximum lifespan of about 25 years. Yet, like the naked mole rat and the
echidna, the maximum longevity of our species is about four times that predicted from body
mass. Indeed, the largest extant land mammal, the elephant has a maximum longevity of about
80 years and until recently the most reliable record for the longest-living mammal was for a
French woman who lived for 122 years (Carey and Judge 2000). This record was recently
exceeded when a bowhead whale harvested by Eskimo hunters was found to contain harpoon
fragments produced in the early 1880s and the whale was estimated to be at least 130 years
old (George and Bockstoce 2008).” (Hulbert, A.J. 2010).
“As noted earlier, these three exceptionally long-living mammalian species (naked mole rats,
echidnas, humans) all have membrane fatty acid compositions that are relatively peroxidationresistant for the size but what one would predict for the maximum lifespan (see Fig. 3).
However, humans differ from the other two exceptionally long-living mammals. Both naked
mole-rats and echidnas have basal metabolic rates that are ~40% lower-than-predicted for their
body mass (O’Connor et al. 2002; Hulbert 1980). These reduced metabolic rates cannot ‘‘fully’’
explain the exceptional longevity of these species from a rate-of-living perspective (but can
explain ‘‘part’’ of it) and they are compatible with their measured membrane fatty acid
composition. Humans, however, have a basal metabolic that would be predicted for a typical
mammal of their body mass. For both naked mole-rats and echidnas, the fatty acid composition
of liver mitochondrial membranes is essentially the same as that measured for total liver
phospholipids (Hulbert et al. 2006a, 2008). This is a common pattern among mammalian and
avian species for which we have measured both mitochondrial and total tissue phospholipids
(Brand et al. 2003; Hulbert et al. 2002; Porter et al. 1996). However, this may ‘‘not’’ be the case
for humans. There is a limited dataset for fatty acid composition of tissues from normal healthy
humans and I know of only one paper that reported the fatty acid composition of human
mitochondrial phospholipids (Benga et al. 1978). This is for liver mitochondria and differs from
the reported fatty acid composition of total phospholipids from liver (Burke et al. 2001;
Elizondo et al. 2007; Sekine 1995). The PI value (1⁄451) calculated for mitochondrial
phospholipids from human liver is substantially less than the average of 194 calculated from the
three studies reporting the fatty acid composition of total phospholipid extracted from the
livers of healthy humans....there exists the suggestion that humans differ from other species so
far measured in that we regulate the fatty acid composition of our mitochondrial membranes
differently from other cellular membranes (especially excluding omega-3 fats?). In this light it is
of interest that the amount of ethane exhaled by humans relative to oxygen consumption is
calculated to be much lower than that for other species (Hulbert et al. 2007). This is of interest
because ethane is an end-product of the peroxidative degradation of omega-3 polyunsaturated
fatty acids.
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The insight that the exceptionally long-living species, Homo sapiens, potentially provides for
understanding the mechanisms determining animal longevity, is that the fatty acid composition
of mitochondrial membranes may be much more important than the composition of other
cellular membranes.” (Hulbert, A.J. 2010).
“...membrane fatty acid composition is regulated and diet (as long as it has the minimum
essential requirements) in general has limited influence on membrane composition. (This is not
true for the balance between omega-3 polyunsaturates and omega-6 polyunsaturates because
acyltransferase enzymes responsible for controlling membrane composition cannot
differentiate between these two types of polyunsaturates...” (Hulbert, A.J. 2010).

Figure 11. Membrane - pacemaker modification of the oxidative stress theory of aging. (Hulbert, A.J.
2010).

“These concepts have been summarized in the membrane pacemaker theory of aging that
would indicate that high membrane fluidity and low membrane peroxidizability are the optimal
membrane conditions for promoting longevity. This theory has been generated from the
observation that body mass/maximum life-span in mammal and bird species directly and
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inversely correlate, respectively, with the membrane levels of C18:1n-9 and C22:6n-3. This can
be explained by the fact that C22:6n-3 is 320-fold more susceptible than C18:1n-9 to
peroxidation, while the latter have fluidity properties as good as the former ( Hulbert, 2005).”
(Puca, A.A.; Chatgilialoglu, C.; Ferreri, C.).

SEASONAL EFFECT
“Our results indicate that seasonal acclimation is much more comprehensive in endotherms
than recognized up to date. It comprises major and surprisingly fast changes in membrane
composition. Chain elongation and further desaturation of LA and ALA, well known mechanism
of temperature acclimation in ectotherms, seem to be conserved in mammals....There is
growing evidence that hibernation is simply the most extreme expression of hypometabolism,
which appears to be a ubiquitous feature of endotherms to anticipate and cope with temporary
cold and food shortage [13]. Even humans have a lower Tb during winter [49]–[51] and maximal
aerobic power during summer [52]. Seasonal remodeling of membranes may be similarly
ubiquitous (e.g. [1], [53]).” (Arnold, W.; Ruf, T.; Frey-Roos, F.; Bruns, U.).
“PL influence transmembrane protein activity and thus can compensate temperature effects;
e.g. PL n-6 PUFA are thought to stabilize heart function at low body temperature (Tb), whereas
long chain (>C18) n-3 PUFA may boost oxidative capacity....seasonal changes of Tb and
associated remodeling of membranes are not restricted to hibernators but presumably
common among endothermic organisms.” (Arnold, W.; Ruf, T.; Frey-Roos, F.; Bruns, U.).
“Cellular membranes contain variable amounts of essential polyunsaturated fatty acids (PUFA),
generally believed to depend directly on dietary influx and tissue specific differences [1]–[8].
However, rapid and diet-independent adjustments of membrane composition in response to
changing cell temperature are well known for ectotherms [9], [10]. This so-called
“homeoviscous adaptation” is thought to maintain membrane integrity at lower temperatures.
Endothermic organisms also show fluctuations in body temperature (Tb) on a daily and
seasonal basis, carried to the extreme by hibernators and daily heterotherms [11]–[13]. Hence,
integration of PUFA into phospholipids (PL) in order to cope with lower cell temperature may
be conserved in endotherms. Indeed, studies in the laboratory found such changes in
hibernating mammals [14]–[16], and in deer mice exhibiting a higher propensity for daily torpor
induced by short photoperiod [17]. However, there is accumulating evidence against an effect
of membrane unsaturation per se, but instead for specific interactions of n-6 and n-3 PUFA with
proteins, e.g. of oxidative pathways, ATPases, and ion channels [15], [18]–[21]. For instance,
incorporation of n-6 PUFA into PL is a well known phenomenon of cold acclimation [22]. A high
n-6 to n-3 ratio has been suggested to mitigate temperature (Arrhenius) effects on the activity
of the sarcoplasmatic reticulum Ca2+-Mg2+ pump in cardiac myocytes (SERCA 2a) of
hibernating animals thereby enabling lower deep torpor Tb, and thus less fat consumption,
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without jeopardizing heart function [21]. On the other hand, long-chain n-3 PUFA like
docosapentaenoic acid (DPA, C22:5 n-3) and docosahexaenoic acid (DHA, C22:6 n-3) are
thought to act as “metabolic pace-makers” [23], although they enhance metabolic scope rather
than basal metabolic rate [20], [24]. However, high concentrations of n-3 PUFA seem to be
incompatible with a life at low Tb (reviewed in [21]).” (Arnold, W.; Ruf, T.; Frey-Roos, F.; Bruns,
U.).

Long-distance migrant birds may prep for their flight by consuming very large amounts of EPA
and DHA that will be incorporated into the membranes in their muscle cells, and subsequently
boost the aerobic capacity of their flight muscles. This is said to be a sort of “natural doping”
behavior.
“In the diet naturally consumed by the semipalmated sandpiper, eicosapentaenoic acid (EPA, n3 20:5) and docosahexaenoic acid (DHA, n-3 22:6) account for 45% of total lipids. Therefore,
these birds boost the aerobic capacity of their flight muscle by eating large amounts of n-3
PUFA that are known to cause pharmacological-like effects in mammalian cells in vitro. The
exact molecular mechanisms are unknown, but natural doping appears to be mediated by two
processes: the incorporation of dietary n-3 PUFAs in membrane phospholipids and their binding
to nuclear receptors. The incorporation of PUFAs causes changes in membrane fluidity,
permeability, n-3/n-6 ratio and the local molecular environment that affect key membrane
proteins (Gerson et al., 2008; Guderley et al., 2008). Among others, these proteins include
carnitine palmitoyl transferase (Guo et al., 2005), Na+/K+-ATPase (Turner et al., 2005),
Ca2+/Mg2+-ATPase (Swanson et al., 1989), ion channels (Leaf et al., 2005) and the insulin
receptor (Corcoran et al., 2007) (Fig. 2). In addition to their membrane effects, EPA and DHA are
natural ligands for peroxisome proliferator-activated receptors (PPARs) that regulate the
expression of genes controlling fundamental aspects of lipid metabolism (Fig. 3). Individual
members of the PPAR family regulate different genes, and their distribution varies among
tissues. Genes regulated by PPARα and β are mostly concerned with fatty acid oxidation and
transport, whereas those regulated by PPARγ deal with lipid storage and adipocyte
differentiation (Feige et al., 2006). The semipalmated sandpiper is the first documented case of
a long-distance migrant using natural doping to prime its locomotory muscles for endurance
exercise. It provides a useful starting point to improve the understanding of exclusive metabolic
innovations in migrants.” (Weber, Jean-Michel).
“In one bird species, the final preparation for long flights is performed by natural doping on n-3
PUFA from its unique invertebrate diet. Muscle performance is improved by restructuring
membrane phospholipids and by activating essential genes of lipid metabolism through PPARs.”
(Weber, Jean-Michel).
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Figure 12. Natural Doping Of N-3 Dietary Fatty Acids (Weber, Jean-Michel)

“Figure showing the first mechanism of natural doping whereby dietary n-3 fatty acids are
incorporated into membrane phospholipids. Before crossing the ocean, the semipalmated
sandpiper (Calidris pusilla) doubles its body mass by eating n-3 eicosapentaenoic acid (EPA
20:5) and n-3 docosahexaenoic acid (DHA 22:6)....EPA and DHA have multiple double bonds,
imposing many angles upon their carbon chains. Therefore, their addition to phospholipids
increases membrane fluidity and alters the properties of membrane-bound proteins.” (Weber,
Jean-Michel)

262

Figure 13. Second Mechanism of Doping Of N-3 Dietary Fatty Acids (Weber, Jean-Michel)

“Figure [above] showing a second mechanism of natural doping whereby the binding of dietary
n-3 fatty acids to the transcription factors peroxisome proliferator-activated receptors α and β
(PPARα and β) activates genes regulating lipid metabolism. n-3 eicosapentaenoic acid (EPA) and
n-3 docosahexaenoic acid (DHA) are natural ligands for PPARs.” (Weber, Jean-Michel).
“At the end of summer, semipalmated sandpipers (Calidris pusilla) traveling from the Arctic
stop in the Bay of Fundy (east coast of Canada) to build large fat reserves before a non-stop
flight to South America. During a 2-week stopover, the body mass of this small shorebird is
doubled (∼20 g to 40 g) by feeding on a burrowing amphipod, Corophium volutator, that
contains unusually high levels of n-3 polyunsaturated fatty acids (PUFA). In mammals, high n-3
PUFA content of membrane phospholipids (PL) is linked to improved exercise performance due
to increased membrane fluidity that accelerates transmembrane lipid transport....Birds were
collected at various stages of fat loading to examine changes in the composition of tissue PL
(membranes) and NL (fuel stores). Results show that dietary n-3 PUFA are incorporated in
tissue lipids in less than 2 weeks. During the stopover, the double bond index of muscle PL
increases by 25% and the fatty acid profiles of both muscle PL and adipose NL converge with
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that of the diet. However, >50% of dietary n-3 PUFA are converted to other fatty acids before
storage, mainly to oleate (18:1), possibly because monounsaturates offer a compromise
between high energy density and ease of mobilization. This study shows that long-distance
migrant birds can (1) use natural diets rich in specific lipids to prime flight muscles for
endurance exercise, and (2) modify dietary fatty acids before storing them as fuel.” (Maillet,
Dominique; Weber, Jean-Michel).
“Multiple lines of evidence show that muscle performance can be affected by the n-3 PUFA
content of membrane phospholipids (PL) via changes in fluidity and permeability (Daveloose et
al., 1993; Ernst, 1994; Stillwell and Wassal, 2003). For example, unusually high levels of n-3
PUFA have been found in the membrane PL of highly aerobic muscles such as hummingbird
flight muscles (Infante et al., 2001). Moreover, endurance training in rats and humans increases
the n-3 PUFA content of their muscle PL (Andersson et al., 2000; Helge et al., 2001; Turner et
al., 2004)....Successful completion of a long migration does not only depend on intrinsic
characteristics of muscles, but also on the nature of the oxidative fuels available. For example,
saturated fatty acids provide an advantage because of their higher energy content per unit
mass compared to PUFA (Blem, 1990). Selectivity has been demonstrated for key steps of lipid
metabolism including storage, mobilization and oxidation. Diets high in monounsaturated fatty
acids (MUFA) are normally preferred (McWilliams et al., 2002; Pierce et al., 2004) and longdistance migrants commonly store large amounts of oleate (18:1) (Blem, 1990; Caldwell, 1973).
However, fasting studies reveal that PUFA (and EPA in particular) are more easily mobilized
than MUFA or saturated fatty acids (Herzberg and Farrell, 2003; Raclot and Groscolas, 1995). At
the β-oxidation step, preference for MUFA (Henderson and Sargent, 1985) or PUFA (DeLany et
al., 2000) have both been reported.” (Maillet, Dominique; Weber, Jean-Michel).
“In addition to membrane-related effects, EPA and DHA are also known to trigger mitochondrial
and peroxisomal proliferation (Froyland et al., 1997; Jump, 2002a; Jump, 2002b; Totland et al.,
2000; Yamazaki et al., 1987), and to increase the activities of key Krebs Cycle and β-oxidation
enzymes (Froyland et al., 1997; Guo et al., 2005; Jump and Clarke, 1999; Sanz et al., 2000;
Yamazaki et al., 1987).” (Maillet, Dominique; Weber, Jean-Michel).
“Membranes of high-performance muscles like hummingbird flight muscle, rattlesnake shaker
muscle and hare locomotory muscle, all contain unusually high amounts of n-3 PUFA (Infante et
al., 2001; Valencak et al., 2003). In addition, endurance training increases the n-3 PUFA content
of muscle PL in rats and humans (Andersson et al., 2000; Helge et al., 2001; Turner et al.,
2004).” (Maillet, Dominique; Weber, Jean-Michel).
“Increasing fatty acid saturation and chain length increases energy content (Blem, 1990), but
decreases the rates of mobilization and oxidation (DeLany et al., 2000; Raclot, 2003; Raclot and
Groscolas, 1995)....Like semipalmated sandpipers, other migrant birds (Blem, 1990), some
mammals (Florant et al., 1990) and fish (Lund and Sidell, 1992) also store most of their lipids as
oleate, and to a lesser extent as palmitate. This remarkably ubiquitous preference for storing
monounsaturates has never been explained (Weber et al., 2003). The above analysis suggests
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that MUFA may offer optimal characteristics by providing higher energy density than PUFA,
together with higher mobilization and oxidation rates than saturated fatty acids.” (Maillet,
Dominique; Weber, Jean-Michel).

OXIDATION + ODD CHAIN SUMMARY
A Brief Summary by the Author
Odd-chain fatty acids (15:0 and 17:0) have not been shown to be problematic. They actually
have been shown to hold a negative correlation with many factors associated with heart
disease, further emphasizing that each of the saturated fatty acids have different effects. It is
now known that each saturated fatty acid has different downstream effects upon inflammatory
and oxidative markers, lipid metabolism, insulin resistance, and ultimately the risk of
developing a myocardial infarction. More research needs to be done that focuses upon specific
fatty acids instead of clumping them into one category.
The way in which fats are oxidized within the human body can be predicted based upon the
structure of the fatty acid. The body will oxidize short chain, highly unsaturated fats first,
saving longer chained, more saturated fats for fuel later. Thus, the body burns off omega-3’s
first, and long-chained saturated fatty acids last. That being said, a prominent lipid researcher,
Dr. Stephen Phinney, asserts that, “Monounsaturates, along with saturates, appear to be what
our cells want to burn when they’re adapted to burning mostly fat.” Phinney describes
monounsaturates and saturates as fuel or “gas” for the body in the analogy he makes with the
body being like a car. He further describes the essential fatty acids (omega-3’s and 6’s PUFAs)
as the “motor oil” or metabolic lubricator for the car (body).
As for the reason behind the preference, one researcher, Jones, wrote in a journal article from
1985 that “the metabolizable energy of saturated triglycerides has long been known to be
lower than that observed for unsaturated fats.” As of now, I am not sure why that would be,
but I can research this out more if you are interested. I emailed Dr. Phinney today to see if he
could direct me to more sources or give me some insight on this question of why we store fat in
the ratios we do. There will be more on this story to come.
Next, I researched the conversion of different fatty acids. I found that the body can synthesize
all of the SFA’s it needs from acetate. In addition, all fatty acids present in the diet can be
broken down and re-synthesized into saturated fatty acids. MUFAs are readily synthesized via
Δ9 desaturase that introduces a double bond at the 9-10 position of the fatty acid chain,
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forming oleic acid (18:1n-9) as the main product. Short chain fatty acids are absorbed from the
intestine into the portal circulation without being re-synthesized into triacylglycerols. They
serve as a ready source of energy. All of the n-9, n-6, and n-3 families of PUFAs are not
metabolically interconvertible in mammals.
The human body contains four desaturases that function to insert a double bond at a specific
position on the chain of carbon atoms that form a fatty acid. As stated above, Δ9 desaturase
produces the MUFA oleic acid, a ubiquitous component of all cells in the human body. Δ6 and
Δ5 desaturases function in the synthesis of highly unsaturated fatty acids such as EPA and DHA
(synthesized from alpha-linolenic acid), and arachidonic acid (synthesized from linoleic acid).
The formation of these long chained, highly unsaturated fatty acids also requires elongase
enzymes that lengthen the carbon chain. The ability to synthesize very long chain fatty acids is
a ubiquitous system found in different organs and cell types.
I came across a little interesting tidbit on ruminants unique ability to saturate PUFAs via
bacteria that live in their multiple stomachs, which ultimately leads to a greater proportion of
SFAs in their tissues. There is also more info on intra-muscular triglycerides, including their
similarity to adipose tissue, in addition to the effect that exercise has upon them. It has been
found that exercise increases the fat content in muscle tissue, particularly muscle fibers with
more mitochondrial and therefore oxidative capacity. It also decreases palmitic acid (16:0) and
increases n-3’s, among other changes in fat composition.

ODD-CHAIN FATTY ACIDS
A Negative Correlation has been found with the presence of 15:0 and 17:0 in adipose tissue
and:
• risk of coronary heart disease/cardiovascular disease
• inflammatory and oxidative stress markers
• lower insulin resistance
• lower triglycerides
• risk of developing myocardial infarction (a.k.a. heart attack)
• lower small dense low density lipoproteins (LDL-bad cholesterol)
• decreased risk of stroke
**Note one of the researchers from one of the main sources I used, Warensjo E., was funded by
the dairy council. That being said, there is a plethora of research out there that is in agreement
with the negative correlations stated above.
The following is the details, sources, etc. which are summarized above in bullets.
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The research points to a negative correlation with 15:0 and 17:0 and insulin-resistance
syndrome and the risk of coronary heart disease. (Warensjo E et. al) As stated by Aslibekyan et.
al, “Despite their relatively high content of saturated fat, studies of dairy product intake and the
risk of cardiovascular disease have often yielded null or inverse results.” This same author did
not find a statistically significant association between adipose tissue 15:0 and 17:0, concluding
that it is possible that the adverse effect of saturated fat in dairy products on cardiovascular
health is offset by the presence of beneficial nutrients. (Aslibekyan S et. al 1039).
Wang et. al. furthered the understanding of how 15:0 and 17:0 might have a beneficial effect.
They found that “Pentadecanoic and heptadecanoic acid, the dairy-specific saturated fats have
been inversely related to inflammatory and oxidative stress markers in overweight adolescents,
and decreased Interleukin-6, an inflammatory stress marker, in adolescents within the normal
weight range.” They further this with, “not all individual saturated fatty acids have the same
physiological effects. Elevated levels of 15:0 and 17:0 fatty acids in blood, as objective
biomarkers of dairy intake, have been linked to lower insulin resistance syndrome, triglycerides,
and risk of developing myocardial infarction (heart attack) among adults.” Finally, this is
summarized and capitalized upon, “Our findings are in agreement with previous studies of
adults showing that higher levels of dairy fatty acids in blood or adipose tissues were associated
with decreased risk of CVD, e.g., lower triglycerides, small dense low density lipoprotein
particles, reduced risk of stroke, insulin resistance syndrome, and myocardial infarction.” (Wang
et. al).
Order of Preferred Fats to Burn
In general, long chain fatty acids are oxidized more slowly, and unsaturated fatty acids are
oxidized more rapidly than saturated fatty acids. Oxidation of saturated fatty acids decreases
with increasing carbon chain length (laurate(12:0) oxidizes more quickly than (>) myristate
(14:0) > palmitate (16:0) >stearate (18:0)). For unsaturated fatty acids, 24 hour oxidation is in
the order ALA (alpha-linolenic acid--18:3, n-3)>OA (oleic acid--18:1, n-9)>LA (linoleic acid-18:2)>AA (arachidonic acid--20:4, n-6). (FAO: “Fats and Fatty Acid in Human Nutrition.” pgs. 2829).
Generally fatty acids are more readily mobilized from fat cells when they are short-chain and
unsaturated with their double bonds closer to the methyl end. In other words, omega-3’s will
be burned before omega-6’s, and shorter omega-3’s will be burned before longer chained
omega-3’s. (Raclot 633-635).
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#Double Bonds
Figure 14a. Relationship between Double Bonds and Mobilization

Figure 14b. Relationship between Chain Length and Mobilization

This graph generally illustrates the relationship between double bonds and mobilization, not
taking into account exact ratios between the two, just general trends. Mobilization and chain
length could be illustrated with a graph that begins high with lower chain length and higher
mobilization, and then decreases in mobilization as chain length increases. Of course, this
would be with keeping the number of double bonds constant so as not to introduce another
variable on mobilization. ** I made the chart’s data up just to illustrate the patterns with
mobilization and the variable of chain length and the number of double bonds.
Keeping # of Double Bonds Constant
However, Dr. Stephen Phinney writes, “Monounsaturates, along with saturates, appear to be
what our cells want to burn when they’re adapted to burning mostly fat.” Phinney describes
monounsaturates and saturates as fuel or “gas” for the body in the analogy he makes to the
car. He further describes the essential fatty acids (omega-3’s and 6’s PUFAs) as the “motor oil”
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or metabolic lubricator for the car (body). He writes, “When your body burns fat for energy,
both omega-3 and omega-6 fats are metabolized along with monounsaturated and saturated
fat. In fact, omega-3 fats are actually burned off faster than others. As a result, after significant
weight loss, a person tends to have reduced stores of this EFA.”
“If you are confused about the difference between dietary fat and essential fats, a helpful
analogy is gasoline and motor oil. Both gasoline and motor oil are derived from the stuff that
gushes from oil wells, but the former goes into your car’s gas tank and the latter into the
crankcase. Gasoline is burned for energy, while motor oil lubricates the machinery so that it
runs without friction, reducing wear and tear. Dietary fats differ from each other in many ways,
but most contain a mixture of nonessential and essential fats. Think of the nonessential fats as
fuel and the essential fats as metabolic lubricators.” (Phinney pgs. 56-57).
Considerable data in animals, and some data in humans, show that the short and medium chain
fatty acids oleate and linolenate are oxidized rapidly, whereas the long-chain saturated fatty
acids palmitate (16:0) and stearate are oxidized more slowly. (DeLany et. al 905).
Repetitive but confirming evidence for increasing carbon length decreasing mobilization, and
increasing double bonds leads to an increase in mobilization; in other words, medium chain fatty
acids are oxidized before long-chain fatty acids etc. etc.:
Oxidation of SFA’s decreased with increasing carbon length (Laurate>palmitate>stearate). The
relation between oxidation and fatty acid carbon length was highly significant. There was
nearly a perfect linear relation between oxidation and the number of double bonds for stearate
(18:0), oleate (18:1n-9), linolenate (18:3n-3), with trans fatty acid elaidate (trans 18:1n-9) more
highly oxidized (above the regression line) and EFA linoleate less oxidized (below the regression
line). (DeLany et al 908).
Thus, data in animals and humans are consistent with the idea that the MCFAs (8-14 C’s),
oleate, and linoleate are rapidly oxidized, whereas the long-chain SFAs palmitate and stearate
are oxidized more slowly. (DeLany et. al. 908).
PUFAs(linolenate & linoleate) are more highly oxidized than are SFAs. The unsaturated fatty
acids are more highly oxidized than are the saturated fatty acids. (DeLany et. al. 910).
TRANS vs. CIS MUFA (not extreme but significant): Note a higher oxidation of the trans fatty
acid elaidate (trans 18:1n-9) than of oleate (cis 18:1n-9). (DeLany et. al. 910).
More evidence that supports same conclusions that PUFAs oxidized before MUFAs and
SFAs...Jones, the researcher quoted below, asserts that unsaturated fats have more
metabolizable energy than saturated fats can provide.:
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In one of the first major studies done on the oxidation of fatty acids by Jones in 1985, titled
“Whole Body Oxidation of Fatty Acids” it was concluded that:
• For healthy males consuming normal diets, whole body oxidation of oleic acid (cis 18:1n-9)
may exceed that of linoleic acid (18:2n-6,9 all cis), both of which exceed stearic acid (18:0).
(Jones 773).
• The metabolizable energy of saturated triglycerides has long been known to be lower than
that observed for unsaturated fats. (Jones 776).
• Jones observed a 14 fold difference between net oxidation of dietary oleic acid as compared
with stearic acid over 9 hours. (Jones 776).
• Evidence obtained from heart perfusion studies suggests that muscle uptake and oxidation of
oleic acid may exceed that of other LCFAs. (Jones 775).
Jones followed this preliminary study up with a study titled, “PUFA:SAT ratio of dietary fat
influences energy substrate utilization in the human.” Metabolism 1988; 37: 145-51.
The most relevant finding from his study include the following:
• “...several reports have indicated that polyunsaturated long chain fatty acids undergo more
rapid oxidation as compared to their saturated counterparts... These findings indicate that
polyunsaturated fatty acids are more rapidly diverted to use as energy substrates after
consumption than are saturated fats; yet, following an overnight fast, their oxidation rate
diminishes to a level below that of saturated fats.” (Jones 145-150).
***Extra Notes from Jone’s Study:
• PUFAs are diverted into pathways of ketone body production more readily than are SFAs in
the rat liver.
• In rat liver, linoleic acid was Beta-oxidized and palmitic acid was diverted into pathways for
the synthesis of triglycerides.
• PUFAs compared to SFAs has an earlier and larger contribution to TEF (thermic effect of food)
theoretically due to increased absorption, preferential portal transport, and hepatic oxidation.
• Immediately following a meal, PUFAs would contribute to total substrate oxidation to a larger
extent than saturated fatty acids that are committed to chylomicron incorporation and
lymphatic transport. Carbohydrate balance would then be more positive with a larger fraction
of the incoming carbohydrates stored.**Thus, dietary fat intake alters degree of carbohydrate
oxidation.
(Jones 150).
• Turnover rates of adipose lipids are reported to be in the order of several months. (Jones)
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FATTY ACID CONVERSIONS
SFA
In the absence of sufficient dietary fat, the body is apparently capable of synthesizing all of the
SFA’s that it needs from the ubiquitous precursor building block acetate....cells produce a
remarkable diversity of SFA’s under particular conditions. (German & Dillard et. al 915-923).
Once palmitic acid is released from the synthetic complex, it can be elongated to stearic acid
and even higher saturated fatty acids by further additions of acetyl groups, through the action
of fatty acid elongation systems. (FAO p.29).
All fatty acids present in the diet can be broken down and re-synthesized into saturated fatty
acids. (German & Dillard et. al 915-923).
SFA’s have been suggested as being the preferred fuel for the heart. (German & Dillard et. al
915-923).

Short-Chain Fatty Acids
Short-chain fatty acids are hydrolyzed preferentially from triacylglycerols and absorbed from
the intestine into the portal circulation without resynthesis of triacylglycerols. These fatty acids
serve as a ready source of energy. (German & Dillard et. al 915-923).
PUFAs
• The n-9, n-6, and n-3 families of PUFAs are not metabolically interconvertible in mammals.
(Calder, Philip C. S70-S83).
• Individuals eating large amounts of L.A. (linoleic acid) will deposit this fatty acid in adipose
tissue. In the absence of dietary LA and other PUFAs, 18:1n-9 is further desaturated and this
step is followed immediately by elongation to form the n-9 family of PUFA. (FAO). Although
mammals can readily introduce additional double bonds between Δ9 position, they cannot
introduce additional double bonds between Δ10 and the methyl terminal end. Thus, LA
(linoleic acid) and ALA (alpha-linolenic acid) cannot be synthesized by mammals, but plants can
synthesize both by introducing double bonds at Δ12 and Δ15. Because they are necessary
precursors for synthesis of LCPUFA and eicosanoids, LA and ALA are essential fatty acids and
they must be obtained from plants in the diet. Once LA and ALA are obtained from the diet,
they can be converted to n-6 and n-3 families of C20 and C22 LCPUFAs by a series of alternating
desaturation and elongation reactions. (FAO 29-30).
• WIKI under “fatty acid synthesis” and “fatty acid desaturases”:
Note delta Δ refers to indicating that the double bond is created at a fixed position from the
carboxyl group of a fatty acid (for example, Δ9 desaturase creates a double bond at the 9th
position from the carboxyl end).
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Four desaturases occur in humans: Δ9 desaturase, Δ6 desaturase, Δ5 desaturase, and Δ4
desaturase....
Δ9 desaturase, also known as stearoyl-CoA desaturase-1, is used to synthesize oleic acid, a
monounsaturated, ubiquitous component of all cells in the human body. Δ9 desaturase
produces oleic acid by desaturating stearic acid (18:0), a saturated fatty acid either synthesized
in the body from palmitic acid or ingested directly.
Δ6 and Δ5 desaturases are required for the synthesis of highly unsaturated fatty acids such as
eicosopentaenoic(EPA) and docosahexaenoic acids (DHA) (synthesized from a-linolenic acid),
and arachidonic acid (synthesized from linoleic acid). This is a multi-stage process requiring
successive actions by elongase and desaturase enzymes.
Elongases that add C’s to a fatty acid chain
A family of enzymes called elongases further elongate fatty acids into very long chain fatty
acids. There are at least six members in this family of elongases that are believed to carry out
substrate-specific (fatty acid specific) elongation with fatty acids of different lengths and
degrees of unsaturation. The ability to synthesize very long chain fatty acids is a ubiquitous
system found in different organs and cell types. The fatty acid elongases can be divided into
two major groups depending upon whether they’re involved in the elongation of saturated and
monounsaturated VLCFA’s (very long chain fatty acids) or PUFAs.
(Jakobsson A. et. al 237-249).
Extra Notes on De-novo Lipogenesis:
• In the absence of sufficient fat from the diet, the body synthesizes fatty acids, typically from
carbohydrates. (German & Dillard et. al 915-923).
• Dietary fatty acids have a significant influence on de novo synthesis and it is likely that all
dietary fatty acids, except short-chain fatty acids, suppress it. (FAO).
• Free-living healthy humans have a significant capacity for de novo synthesis, which
contributes on average approximately 20% of newly formed adipose triglycerides. (FAO).
Ruminants Have a Unique Ability to Saturate PUFAs via bacteria that live in their multiples
stomachs, leading to a greater proportion of SFA in their tissues:
• Ruminant fat tissue differs from that of the single-stomached species in containing a higher
proportion of saturated and a lower proportion of polyunsaturated fatty acids. This results from
the hydrogenating action of the lumen bacteria which convert a high proportion of
polyunsaturated fatty acids from forage or concentrate diets into saturated fatty acids or
unsaturated fatty acids with fewer double bonds.
• Long-chain polyunsaturated fatty acids from fish oils appear to avoid rumen hydrogenation
completely and are absorbed intact in the small intestine. When a supplement of protected
fish-oil was given to sheep, EPA and DHA were incorporated into lipids but only into
phospholipids. This means that the scope for influencing total lipid (within which phospholipid
is a small part except in very lean animals) in ruminants by feeding fish oils is less than in singlestomached animals where EPA and DHA are also incorporated into triacylglycerols.
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• Source: (Wood & Enser S53-S55).
What is needed to transform glucose into palmitic acid? Do you need the same nutrients you
need to transform glucose into ATP?
SA: Many of the B vitamins including biotin, pantothenic acid, niacin, riboflavin, and thiamine
are needed in the conversion of glucose into palmitic acid. The trace mineral manganese is the
only mineral that appears to play a significant and direct role in the synthesis of fatty acids.
Evidence:
Biotin: “Acetyl CoA Carboxylase (enzyme that provides the malonyl CoA substrate needed for
the biosynthesis of fatty acids) has a requirement for the vitamin biotin.” (Murray, Robert K. p.
196).
“Biotin is a constituent of acetyl-CoA carboxylase and pyruvate carboxylase, both of which are
involved in the synthesis of fatty acids from glucose.” (Caballero, Benjamin p. 162).
Pantothenic Acid: “The fatty acid synthase complex [essentially a giant enzyme that functions to
synthesize fatty acids] contains the vitamin pantothenic acid.” (Murray, Robert K. p. 196).
Niacin & Riboflavin: “Niacin and riboflavin are necessary for the synthesis of oxidized and
reduced NAD(P) and FAD, respectively.” (Caballero, Benjamin p. 162). Note: NAD(P) and FAD
are coenzymes critical in many of the reactions involved in fatty acid synthesis, elongation, and
oxidation. (Caballero, Benjamin p. 162, Wikipedia “NADP” & “FAD”).
thiamine: “Thiamine is required for activity of the pyruvate dehydrogenase complex, which also
participates in fatty acid synthesis from glucose.” (Caballero, Benjamin p. 162).
Manganese: “Manganese is also involved in energy metabolism and fat synthesis.” (Fink, H. p.
211).
“Manganese also appears to be necessary for the activity of acetyl-CoA carboxylase, the first
enzyme of the fatty acid biosynthetic pathway.” (Brody, Tom p. 802).

How much glucose is made from one glycerol? In a diet that receives nearly all calories from
fats, can the glycerol create all the sugar the brain needs? Or will the body also need to
convert amino acids?
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In the post-absorptive state, the conversion of glycerol to glucose accounts for approximately
3–4.5% of glucose production; however, after fasting for several days, the contribution of
glycerol to glucose production increases to 10–22%. After weeks of fasting glycerol can
contribute up to 60% of glucose production. 50% of the glycerol produced in the post
absorptive state is converted to glucose. The conversion of triglycerides to glycerol to glucose is
around only 5% efficiency, thus, making fatty acids an inadequate source of glucose to supply
the body’s total glucose requirements. However, when amino acids are used as a
gluconeogenic precursor to an equal or even slightly less amount than glycerol, the total
glucose needs of the body may be supplied. In prolonged fasting, up to 100% of the glycerol
turnover is diverted to glucose formation. Amino acid & glycerol contribute approximately the
same quantity in the physiological state that accompanies prolonged (21 day) starvation, but in
a normal state amino acids contribute the most, and are supplemented with glycerol from
adipose tissue triglyceride, and a little (teeny-weeny) help from fatty acids via acetone
production. Note that lengthening the starvation period further reduces the amount of amino
acids being used for gluconeogenesis, thus sparing the body’s limited & vital protein stores.
Protein breakdown during times of starvation is a unique aspect of human evolution that will be
explained a little further in a subsequent paragraph.
There are factors that affect the amount of glycerol that is converted to glucose. Insulin has
been shown to decrease the conversion of glycerol to glucose. The conversion is also partly
dependent upon the supply of glycerol available in the plasma, contingent upon the degree of
lipolysis taking place. The amount of adipose tissue will also affect the amount of glycerol
available and thus, the amount of glycerol that is converted to glucose. Obese individuals have
higher glycerol concentrations and an increased glycerol turnover. This metabolic shift
ultimately spares protein and allows the more abundant source of fat in obese individuals to be
used. The difference between the amount of glycerol used for glucose production in obese and
lean individuals is significant. Lean individuals have been observed to derive 38% of their
glucose from glycerol, while obese individuals obtain around 79% of their glucose from glycerol.
Furthermore, diabetes coupled with obesity increases the conversion of glycerol to glucose
even further. The increase in plasma glycerol and the increased rates of conversion of glycerol
to glucose in diabetic individuals is due to the increased lipolysis (leading to increased plasma
glycerol) that occurs with the pathophysiology of diabetes.
The human brain’s daily glucose requirements, equal to approximately 110-145 grams per 24
hours, requires the input of the gluconeogenic substrates amino acids & glycerol, in addition to
ketones in order to supply the full amount required when glycogen stores have been depleted.
Thus, protein breakdown and subsequent Nitrogen loss is observed in humans even in times of
starvation. One well-known researcher presented a cogent hypothesis (not entirely proven yet)
that protein breakdown is constitutive in humans in order to keep intermediates of the TCA
cycle supplied, thus allowing energy to continue to be supplied to the cell. Take note though,
that human body is incredibly efficient in preserving protein when supplied with small amounts
of carbohydrates. As little as 7.5 grams of carbohydrates in starving humans halves the urinary
nitrogen loss.
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Both constitutive protein breakdown and ketogenesis is unique to human metabolism, not
occurring in animals that endure prolonged periods of starvation or that hibernate.
Ketogenesis may have been an evolutionary change that was adaptive to the larger
brain:carcass ratio. Glycerol acts as a sufficient as fuel for the brain in the form of glucose for
other animals. In humans, ketogenesis has been shown to occur regardless of the amount of
glycerol available.
Carbohydrate restriction increases gluconeogenesis more than calorie restriction alone. One
recent study concluded that the increase in gluconeogenesis with carbohydrate restriction
utilizes a greater amount of the gluconeogenic substrates lactate and amino acids, but not
glycerol. Interestingly, the use of lactate and amino acids parallels an increase in ketogenesis.
However, in this study, glycerol still contributed a modest amount to the gluconeogenic
pathway, contributing at a relatively fixed rate, regardless of dietary macronutrient
composition.
This does indeed seem counterintuitive since carbohydrate restriction increases fat oxidation,
and therefore, one would expect that plasma glycerol would increase, and the glycerol to
glucose conversion would follow suit. I emailed this author to ask further on why glycerol
might not be increasing its contribution to gluconeogenesis under a physiological state that
increases fat breakdown, but I have not heard back yet. I searched for further studies that
examined this same topic, but found none. I can search further if you would like. I did find an
article that concluded that a high-fat diet in rats that lead to increased plasma glycerol
increased the conversion of glycerol to glucose, supporting the idea that an increase in plasma
glycerol that occurs from lipolysis associated with diabetes, fat availability with obese
individuals, or via a high-fat diet will lead to an increase in the conversion of glycerol to glucose.
Off hand, with the research I have done on this subject, I would speculate that possibly an
increase in protein intake that coincides with low carb diets might affect which gluconeogenic
precursors are used. The other possibility is that since obese individuals were used in the study
that examined which gluconeogenic substrates are used in a low carb diet, glycerol levels in the
plasma and the subsequent conversion of glycerol may have already been maxed out. Indeed,
upon further searching within this article, I found two statements that were supportive of both
of these proposed reasons for the fixed rate contribution of glycerol to gluconeogenesis,
regardless of macronutrient composition. The first statement: “the present data is akin to that
of Allick et al. in which overweight/obese individuals with diabetes maintained similar insulin
and free fatty acid levels regardless of dietary macronutrient composition,” suggests that the
lack of sensitivity of an obese individual’s insulin levels and thus, the subsequent degree of
lipolysis, would also affect the amount of plasma glycerol circulating. Obese individuals may
have more glycerol circulating around than a lean individual, but this amount of glycerol is
relatively fixed in obese individuals. In other words, the amount of glycerol circulating in obese
individuals has reached a plateau, therefore maxing out the amount of glycerol that may be
used as a gluconeogenic substrate, regardless of dietary intake. Whereas, lean individuals
experience, “a reduction in insulin levels and an increase in free fatty acid levels as a result of
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carbohydrate restriction,” which would theoretically increase plasma glycerol, and ultimately,
the conversion of glycerol to glucose.
The second statement from this journal article, stated that indeed, protein intake did increase
significantly in the low carbohydrate group, which may have affected the amount of amino acid
available for use as a gluconeogenic substrate.
All of this to say, that while this study found amino acids and lactate to contribute more to
gluconeogenesis than glycerol in the case of a low carbohydrate diet, these results can be
certainly attributed to (from my point of view):
A) the unique physiological response of obese individuals to low carbohydrate diets that does
not lead to an increase in plasma glycerol, maintaing plasma glycerol as its relatively high fixed
amount in obese individuals’ blood
B) the increased protein intake that occurred with the low carbohydrate diet that would have
made more amino acids available for conversion to glucose than with a more balanced
macronutrient composition that included more carbohydrates.
To conclude, more studies are needed, but based on the factors that increase plasma glycerol
and the conversion of glycerol to glucose, the increase in lipolysis that occurs in relatively lean
individuals placed on a low carb diet would increase the plasma glycerol available and thus the
amount of glycerol that is converted to glucose. Obese individuals might be already maxing out
their plasma glycerol levels and their rate of conversion.
(Both Quotes included in the short answer about gluconegoenic precursors used with a lowcarb diet are from Browning, Jeffrey D. et. al.)
The amount of glycerol converted to glucose:
In the post absorptive state: 36% of plasma glycerol was converted to glucose, accounting for
4.5 % of total glucose production.
After 62-86 hours of starvation: 68% of glycerol was converted to glucose, accounting for 21.6%
of total glucose production.
(Abstract; Baba H, Zhang XJ, Wolfe RR).
“In humans, it was estimated that 20% of the gluconeogenesis was mediated by glycerol after
60 hours of fasting.” (Kuriyama, Hiroshi et. al.).
“While, under normal health and diet conditions, gluconeogenesis from glycerol accounts for
less than 5% of glucose production, it appears that, after 62-86 hours of starvation, more than
20% of such production is derived from glycerol metabolism. In prolonged fasting, glycerol can
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be used as the only source for gluconeogenesis, since glycogen reserves are depleted within
two fasting days. In several species, this capacity to divert glycerol turnover to glucose
production is an important evolutionary adaptation in the hibernation process and allows
survival during unfavorable conditions.” (Brisson, Diane et. al p. 536.).
The contribution of glycerol to glucose may be small, but it is absolutely critical for meeting
nervous system requirements in times of fasting:
[In an experiment in which lipolysis was inhibited in three day fasted subjects by the infusion of
nicotinic acid, glucose production and plasma glucose fell to an extent requiring treatment with
intravenous glucose infusion to maintain consciousness, highlighting the important role that
glycerol plays in maintaining adequate glucose levels in periods of fasting/starvation.] (Baba, H.
et. al.).
It is so critical in times of fasting that some(!) scientists believe the stimulation of lipolysis may
be primarily for generating increased amounts of glycerol that may be used as gluconeogenic
substrate...
“Our new perspective is that the stimulation of lipolysis is for the primary purpose of providing
additional gluconeogenic precursor, and the fact that extra FFA’s are also released concurrently
only limits the extent to which the glycerol can provide a net increase in newly produced
glucose [because they have to be re-esterified 7 thus require glycerol], thereby sparing amino
acid precursors.” (Baba, H. p. 152).
“Both amino acids and glycerol can be metabolized to glucose when exogenous carbohydrate
becomes unavailable. However, under long-term fasting conditions the loss of protein is
generally minimized to stay the eventual loss of organ function that results from protein
depletion. Under these conditions glycerol becomes an increasingly important gluconeogenic
precursor. In the postabsorptive state, the conversion of glycerol to glucose accounts for
approximately 3–4.5% of glucose production; however, after fasting for several days, the
contribution of glycerol to glucose production increases to 10–22%. After weeks of fasting
glycerol can contribute up to 60% of glucose production.” (Houser, Dorian S. p. R2376).
Half of the Glycerol Released during lipolysis in the postabsorptive state (when glucose is low)
will be converted to glucose, which is equal to roughly about 3% of glucose production in the
post absorptive state: “50% of the glycerol produced in the post absorptive state is converted
to glucose...glycerol formed during lipolysis cannot be reesterified to a significant extent in
human adipose tissue.” (N. Nurjhan & et. al. p. 1327).
“...in the post absorptive state, ~3% of glucose production originated from glycerol and this
represented ~45% of glycerol disposal.” (N. Nurjhan & et. al. p. 1330).
Half of glucose from glycerol will be oxidized & half will be recycled:
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“During the near steady state of prolonged starvation (days 18–21) glycerol oxidation based on
oxygen consumption was 151 ± 16 Micro-mol/min (14.0 ± 1.5 mg/min), which equals 48% of
the glycerol converted to glucose being oxidized. The remaining glucose derived from glycerol
was recycled.” (Owen et. al. p. 29).
Glucose from Glycerol ALONE Does Not Provide All the Body’s Glucose Needs, Not even close...
“During prolonged fasting, glycerol released from lipolysis of triglycerides in adipose tissue may
account for nearly 20% of gluconeogenesis. As nearly 10% of triglyceride by weight is glycerol,
and two molecules of glycerol combine to form one molecule of glucose, 80 grams of
triglycerides may be converted into 8 grams of glucose (5% efficiency)...The need for
gluconeogenic substrate may explain how lipolysis can continue when caloric intake exceeds
caloric expenditure. If only fat is consumed, for example, 1,000 grams of fat per day would be
needed to provide enough gluconeogenic substrate (glycerol) for conversion to 50 grams of
glucose -- representing a caloric intake of 9,000 kcals/day!! (50 grams is the estimated minimal
amount of glucose needed to prevent lipolysis and ketogenesis).” (Westman, Eric C. et. al).
“...about 1729 cals are derived from fat daily, producing 19 grams of glycerol which can be
incorporated into glucose....14 grams glucose/24 hours can be derived from amino acids...when
added to that derived from nitrogen, of approximately 33 g of glucose synthesized
daily....sufficient for the approximated 24 hour glucose oxidation equal to 24 grams.” (Owen et.
al. p. 1592-3).
However, coupled with protein’s gluconeogenic power...
“protein and glycerol have been shown to be adequate as precursors to supply at least as much
glucose as is being oxidized per day.” (Bortz, W. M. et. al.).
Amino acid & glycerol contribute approximately the same quantity in the physiological state
that accompanies prolonged starvation:
“The net contribution of glycerol to glucose for oxidation amounted to approximately 20.1 ± 2.2
g/d. This quantity was approximately the same as that for all amino acids combined.” (Owen et.
al. p. 29). “However, lengthening the starvation period further reduces urinary nitrogenous
compound excretion per kg body weight.” (Owen et. al. p. 30).
In a normally fed state, “the primary source of substrates for gluconeogenesis is muscle-derived
amino acid, with some help from glycerol from adipose tissue triglyceride, and a little help from
fatty acids via acetone production.” (Cahill Jr., George F. p. 1).
The breakdown of amino acids is constitutive in humans:
“...even in the resting state the body must have a continuous supply of amino acids or glucose
for oxidation to accompany fatty acid oxidation to maintain functional activity of the TCA (citric
acid) cycle. Summarily, the data suggest that morbidly obese persons subjected to prolonged
periods of starvation can die from protein depletion because there is constitutive amino acid
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oxidation for energy production, which can lead to the depletion of vital proteins before the
huge fat stores are consumed.” (Owen et. al. p. 26).
Factors Affecting the Conversion of Glycerol to Glucose:
Supply of Glycerol from Lipolysis (fat breakdown), which is limited due to the need to use
glycerol in the re-esterification of triglycerides, which requires around 60% of the glycerol that
is taken up by the liver. Since the research thus far has indicated that the pathway for
conversion of glycerol to glucose is efficient, with very few steps required, the main limiting
factor for the conversion of glycerol to glucose appears to be directly related to the amount of
fatty acids that are released via lipolysis that do not require re-esterification (i.e. glycerol
supply).
Quote/Evidence: [In a normal physiological state with overall energy balance, glycerol is needed
in the re-esterification of NEFAs (non-esterified fatty acids) that aren’t oxidized.]...[At] least
60% of glycerol taken up is converted to alpha-glycerol 3-phosphate (alpha-G3P) in the liver and
is used as the backbone of triglyceride synthesis from recycled fatty acids, it follows that only a
small fraction of glucose production can result from glycerol gluconeogenesis, regardless of the
metabolic efficiency of the process....[which is rather efficient]...Glycerol should be readily
converted to glucose, because there are fewer steps in the synthetic pathway than for any
other gluconeogenic precursors. Empirical evidence supports this expectation. In the current
study, as was reported previously, gluconeogenesis from glycerol was directly correlated with
the rate of appearance of glycerol into the plasma. This suggests that glycerol gluconeogenesis
is limited only be the availability of glycerol.”
(Baba, H. et. al.).
Insulin:
“Insulin decreased both % glucose derived from glycerol and the rate of glycerol conversionto
plasma glucose.” (N. Nurjhan et. al. p. 1330).
Supply of Glycerol in Plasma from lipolysis:
“Glycerol Ra (the rate of appearance of glycerol) was closely correlated with its conversion and
contribution to glucose. These findings confirm that the contribution of glycerol to glucose
production is directly correlated to its release as a consequence of lipolysis and support the
notion that the central physiological role of accelerated lipolysis in fasting is the provision of
gluconeogenic precursor.”
(Abstract; Baba H, Zhang XJ, Wolfe RR).
“A strong relationship between the Ra (appearance rate of glycerol into the plasma) of glycerol,
the percentage of glucose that is derived from glycerol, and the NEFA concentration is observed
in post absorptive, short-term and long- term fasting humans. This relationship has been
offered as partial support for the idea that within the fasting state increases in lipolysis
primarily serve to increase the availability of gluconeogenic substrate in the form of glycerol,
not the availability of NEFA for substrate oxidation.” (Houser, Dorian S. p. R2379-R2380).
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“During starvation, plasma glycerol is nearly or completely converted to glucose in the lean and
obese groups, respectively.” (Bortz, W.M. et. al.).
“Particularly during starvation does this role of glycerol manifest. In prolonged fasting, up to
100% of the glycerol turnover is diverted to glucose formation.” (Bortz, W. M. et. al. p. 1542-3).
(My Note: This still yields to at max, around 20% of glucose production).
Amount of Adipose Tissue---> Glycerol Supply: Since the main source of glycerol is from
adipose tissue, the amount of adipose tissue of an individual affects the amount of glycerol that
may be used as a gluconeogenic precursor. Thus, whether an individual is obese or lean will
affect their particular rate of conversion of glycerol to glucose.
Evidence/Quotes (just pay attn to bold and Jazz):
“However, adipose tissue is the major source of plasma glycerol. Therefore, effective systems
are required during fasting that enhance glycerol release from adipose tissue and glycerol
uptake into the liver.” (Kuriyama, Hiroshi et. al).
“higher glycerol concentrations, with increased turnover rates, are generally observed in obese
humans.” (Brisson, Diane et. al. p. 536).
“After short fasting, the obese group has higher blood glycerol levels and higher glycerol
turnover than the lean. Further, in the obese, glycerol contributes relatively more to glucose
formation even after short fasting.” (Bortz, W. M. p.1544).
“Conversely, the obese rely less on protein catabolism as a source of glucose carbon. The
ability of fat individuals to spare protein breakdown during acute starvation has previously
been noted.” (Bortz, W. M. p. 1546).
“Glycerol levels and turnover were higher in the obese subjects and with all subjects after
starvation...Of the new glucose formed from protein and glycerol, 38% is derived from glycerol
in the lean and 79% in the obese.” (Bortz, W. M. et. al).
“During starvation, plasma glycerol is nearly or completely converted to glucose in the lean and
obese groups, respectively.” (Bortz, W.M. et. al.).
Non-Insulin Dependent Diabetes: People with Non-Insulin Dependent Diabetes have increased
glycerol in their plasma as well as increased rates of conversion of glycerol to glucose due to
accelerated lipolysis (that occurs with diabetes) and increased conversion of glycerol to glucose
in the liver.
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“Glycerol Ra (the glycerol appearance rate) and gluconeogenesis from glycerol increases in
individuals with diabetes. Obesity coupled with NIDDM will increase gluconeogenesis even
more.” (I. Puhakainen et. al).
“...gluconeogenesis from glycerol is increased in patients with NIDDM. This increase appears to
be the consequence of both accelerated lipolysis and increased intrahepatic conversion of
glycerol to glucose.” (I. Puhakainen et. al.).
The Brain’s Needs: “The daily glucose requirement of the brain in a typical adult human being is
about 120 grams, which accounts for most of the 160 grams of glucose needed daily by the
whole body.” (Berg, J.M. et. al.).
“...the only significant energy-yielding substrate consumed by the brain is glucose, at rates of
110-145 grams/24 hours.” (Owen, O.E. et. al).
“The brain consumes about 18% of the basal metabolic rate. For example, the BMR is 1800
kcal/day, which equates to 324 kcal, or approximately 80 grams of glucose.” (Berg, J.M. et. al).
The human body breaks down protein at a small but persistent rate, excreting Nitrogen, even
in times of starvation. One well-known researcher presented a cogent hypothesis that protein
breakdown is constitutive in humans in order to keep intermediates of the TCA cycle supplied.
Thus, the theory says that the small but persistent Nitrogen loss in humans during starvation is
necessary to maintain adequate energy production.
“...they clearly show that even in the resting state the body must have a continuous supply of
amino acids or glucose for oxidation to accompany fatty acid oxidation to maintain functional
activity of the citric acid cycle. Summarily, the data suggest that morbidly obese persons
subjected to prolonged periods of starvation can die from protein depletion because there is
constitutive amino acid oxidation for energy production, which can lead to depletion of vital
proteins before the huge fat stores are consumed.” (Owen, Olive E. et. al).
Humans are unique in that they continue protein breakdown in starvation, different from other
animals that hibernate or endure long periods of starvation...Ketogenesis is also unique in that
it may be seen as an evolutionary adaptation to feed a larger brain...smaller brains do in other
animals (emperor penguins, elephant seals) do not require as much fuel and are able to run
solely on glucose derived from glycerol.
“Humans still cannot do as well as several other animals, such as black bears in winter sleep,
nesting emperor penguins, or elephant seals nursing their pups, all of which survive prolonged
starvation without any detectable urinary nitrogen excretion. None of these species develop
significant ketosis (< 1 mmol/L in contrast with normal humans at 5–8 mmol/L) and one can
calculate that the glycerol provided by their large adipose tissue mass is sufficient for providing
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all the glucose required by their smaller brain-to-carcass ratio. Thus, significant ketosis is not
necessary. This may be why emperor penguins stand 1.5 m tall. Likewise, because of their
greater brain-to-carcass ratio, children develop ketosis more severely and more rapidly than do
adults.” (Cahill Jr, George F. p.1).
“One controlled study found that a eucaloric intravenous lipid infusion did not reduce
ketogenesis when compared with the ketogenesis associated with starvation.” (Westman, Eric
C. et. al). My Note: Thus, lipids cannot provide enough glucose to suppress ketogenesis.
“The tricarboxylic (Krebs) cycle can only oxidize acetate to carbon dioxide, dependent on the
availability of oxaloacetate and other intermediates for the cycle to turn. A loss of these
intermediates (cataplerosis) decreases energy production, which is corrected by resupplying
the intermediates throughanaplerosis (regeneration of intermediates). Anaplerosis in turn
requires deamination of muscle-derived amino acids to replenish the Krebs cycle intermediates.
Thus, some muscle catabolism continues in starvation.
Energy requirements may therefore be the driving force for the persistent nitrogen loss during
starvation. Administration of as little as 7.5 g carbohydrate to an otherwise starving human
halves urinary nitrogen loss, demonstrating the exquisite sensitivity of the human body in trying
to maintain viability by preserving muscle mass.” (Cahill Jr, George F. p. 2).
The case of the Low Carbohydrate Diet:
With carbohydrate restriction, gluconeogenesis increases at a rate greater than with calorie
restriction alone. The observed increase in gluconeogenesis in the low carbohydrate group was
solely the result of increased gluconeogenesis via an increased utilization of the gluconeogenic
substrates lactate and amino acids, but not glycerol. This shift in metabolism is also
consistently associated with enhanced ketogenesis, paralleling the use of lactate and amino
acids as gluconeogenic precursors in most circumstances.
While gluconeogenesis by way of glycerol as its substrate did not increase with a low
carbohydrate diet, glycerol still contributes a modest amount to gluconeogenesis. However,
the research thus far indicates that the amount of glycerol contributing to gluconeogenesis
occurs at a relatively fixed rate, unresponsive to dietary macronutrient composition. Thus,
individuals losing weight via calorie restriction (and yet, high carbohydrate) and those losing
weight via carbohydrate restriction have been found to have the similar amounts of glycerol
being used as a gluconeogenic substrate. This is despite evidence of increased fat oxidation in
carbohydrate restricted subjects.
(Summary of Browning, Jeffrey D. et. al.).
In rats, there is an increased conversion of glycerol to gluconeogenesis when fed a high-fat diet
that provides more plasma glycerol as a gluconeogenic substrate:
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[In rats fed a high-fat diet, increased plasma glycerol concentrations lead to increased glycerolgluconeogenesis, a metabolic change that occurred very early in response to a high-fat diet.
Supposedly from increased glycerol that may be used as a gluconeogenic substrate, researchers
found that a brief (3 days long) high-fat diet directed glycerol into the gluconeogenic pathway.
However, note that the quantitative contribution of glycerol to glucose production was modest
in all of the rats studied, less than 20% of glucose production. Other studies reported elevated
glycerol-gluconeogenesis after 8 weeks of high-fat feeding and even longer durations also
increased glycerol appearance and liploysis (never above 20% though).]
(Jin, Eunsook S. et. al. p. 480).
Can fatty acids be converted to glucose? If so, how often does it happen?
The typical short answer to this question is “NO.” There is a general consensus that
carbohydrates cannot be produced from fatty acids in humans although the opposite
conversion (glucose to fatty acids) is of course, feasible. In consequence, many “NO” responses
to this question can be found throughout up-to-date prominent biochemistry textbooks.
HOWEVER, there has been some recent research published that does not firmly counter this
negative current consensus (the answer “NO”), but certainly compiles enough evidence to
allude to the possibility of the conversion of fatty acids to glucose in specific cases in which the
more energy efficient sources of glucose production have been depleted to a point at which
using more metabolically expensive fatty acids to obtain glucose will ensure survival.
Thus, if the pathway does indeed exist, which has been controversial since the end of the 19th
century, its activation is specific to a unique physiological condition in which fatty acids are
used as a source of glucose as more of a last-last resort, mainly to preserve protein, such as in
the case of hibernating animals who would have a limited amount of protein stores to provide
the necessary gluconeogenic precursors. However, as you read above most of these animals
use glycerol as their main source of gluconeogenic precursor during hibernation. Even if some
fatty acids are indeed converted to glucose via way of acetone, the contribution of this pathway
to glucose production at large appears to be very very minimal.
Note that odd-chained fatty acids may be converted to glucose, but offering a very minor
contribution, since only a minor fraction of these “ODD” Odd-Chain Fatty Acids Are Converted
to Glucose. Fatty Acid Conversion to Glucose can occur in plants, fungi, bacteria, and protists
by way of the “glyoxylate cycle,” but NOT in animals, even those hibernating, that prefer use of
glycerol as a gluconeogenic substrate.
To reiterate, the conversion of even-chained fatty acids to glucose is questionable. While, oddchain fatty acids can be converted to pyruvate, and subsequently used in gluconeogenesis.
Quotes/The Evidence for what is summarized in short answer:
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“Whether even-chain fatty acids can be converted to glucose has been a longstanding question
in biochemistry. It is known that odd-chain fatty acids can be oxidized to yield propionyl CoA, a
precursor for succinyl CoA, which can be converted to pyruvate and enter into
gluconeogenesis...[However], it is widely held that fatty acids CANNOT be converted to glucose
in humans DIRECTLY.” (WIKI: Gluconeogenesis).
Only a minor fraction of these “ODD” Odd-Chain Fatty Acids Are Converted to Glucose:
“In the case where odd-chain fatty acids do occur, such as in some plants and marine
organisms, a minor fraction of the products of Beta-oxidation of these acids is propionyl-CoA,
which can, via succinyl-CoA, be converted to pyruvate and, thus, to glucose.” (Figueiredo, Luis F.
et. al).
Fatty Acid Conversion to Glucose can occur in plants, fungi, bacteria, and protists by way of the
“glyoxylate cycle,” but NOT in animals, even those hibernating, that prefer use of glycerol as a
gluconeogenic substrate.
Quotes/Evidence:
“In plants, bacteria, protists, fungi, there is the glyoxylate cycle, a variation of the TCA cycle [the
cycle that allows cells to obtain energy from fat], that’s net result is the production of glucose
from fatty acids....[This is useful for cell-wall containing organisms (plants, fungi, bacteria) that
require large amounts of carbohydrates for the biosynthesis of complex structural
polysaccharide.]...Mammals are incapable of executing the pathway due to the lack of two
enzymes, isocitrate lyase and malate synthase. (WIKI: Glyoxylate Cycle).
**Note: There is some debate as for the presence of these enzymes in mammals, but there is
no solid evidence as of yet to counter the status quo that says isocitrate lyase and malate
synthase are not present in mammals. Regardless, no evidence to date that the “glyoxylate
cycle” may occur in mammals....
The [Glyoxylate Cycle] is “not present in animal tissue even under conditions in which one
might expect it to occur like hibernating mammals and chick embryos...the only clade of
animals where the glyoxylate shunt was detected is that of nematodes...” (Figueiredo, Luis F. et.
al.).
“The question around the presence of the glyoxylate cycle in animal tissues remains open since
some authors claim the presence of isocitrate lyase and malate synthase (in the yrs. 1980, 1992,
2005), although the coding sequence of these enzymes in humans remains unknown.”
(Figueiredo, Luis F. et. al.).
“It is important to note that animals are unable to effect the net synthesis of glucose from fatty
acids. Specifically, acetyl CoA cannot be converted into pyruvate or oxaloacetate in animals. The
two carbon atoms of the acetyl group of acetyl CoA enter the citric acid cycle, but two carbon
atoms leave the cycle in the decarboxylations catalyzed by isocitrate dehydrogenase and α284

ketoglutarate dehydrogenase. Consequently, oxaloacetate is regenerated, but it is not formed
de novo when the acetyl unit of acetyl CoA is oxidized by the citric acid cycle. In contrast, plants
have two additional enzymes enabling them to convert the carbon atoms of acetyl CoA into
oxaloacetate. {so the citric acid cycle can keep functioning}” (Berg, J. M. et. al. Section 22.3.7
“Animals Cannot Convert Fatty Acids into Glucose.”)
1957: Weinman et. al. used algebra to prove fatty acids cannot give rise to a net gain of
carbohydrates running along the Krebs cycle.... “fatty acids can enter in the metabolite pool of
the Krebs cycle but the net synthesis of glucose is due to an influx of other intermediates in the
Krebs cycle, such as amino acids or lactic acid.”**Weinman only analyzed even-number fatty
acids of a length of 16 and 18 C’s in length since these are the most common fatty acids in living
organisms. (Figueiredo, Luis F. et. al).
There is a molecular constraint of producing glucose from fatty acids via the Kreb’s cycle. The
glyoxylate shunt balance synthesis and use of oxoaloacetate. In the absence of the glyoxylate
shunt, a net flux of carbons from other carbon sources (i.e. glucogenic amino acids) is possible,
in agreement with the work of Weinman et. al. (Figueiredo, Luis F. et. al).
A Comparison of the Gluconeogenic Energy Efficiency & Glucose Storage Efficiency of the
Various Gluconeogenic Substrates Draws Attention to the Relative Inefficiency of converting
fatty acids to glucose, making it unsustainable at any sizable amount.
**pay attn. to bold and underlined
Note: Gluconeogenic Energy Efficiency: quantifies how much energy in the form of ATP is
regained if a compound is used for gluconeogenesis and is subsequently catabolized.
Glucose Storage Efficiency: how much glucose is regained if a compound is produced from
glucose and is subsequently converted back into glucose.
(Christoph, Kaleta et. al.)
We found that 53–74% of the energy remains if fatty acids are used for gluconeogenesis using
the most efficient and most inefficient pathways, respectively. Thus, 26–47% of the energy
contained in fatty acids is lost if they are used for gluconeogenesis. For gluconeogenic amino
acids, in contrast, the energy loss is much smaller; the gluconeogenic energy efficiency is in the
range from 73% (leucine)–96% (valine) with a value of 87% for the amino acid composition of a
typical dietary protein. For glycerol, the gluconeogenic energy efficiency is 95%. These values
can explain the particular efficiency of carbohydrate reduced and ketogenic diets like Atkins
diet for weight reduction. The reason is likely to be the increased energy loss of
gluconeogenesis from fatty acids and ketogenic amino acids in comparison to gluconeogenesis
from glucogenic amino acids. Indeed, intermediates of the pathway for gluconeogenesis from
fatty acids have been observed in subjects on the Atkins diet. This is also supported by the
observation that the traditional diet of Inuit does not lead to obesity in spite of the high content
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in fat. In contrast, new dietary habits of inuit implying a higher consumption in carbohydrates
often lead to obesity. (Christoph, Kaleta et. al.).
Comparing the glucose storage efficiency of fatty acids compared to amino acids and glycerol,
we find fatty acids, at the lower end with a storage efficiency of 50% in comparison to 39% for
glycine, 78% for alanine and 86% for glycerol. Hence, the conversion of glucose to fatty acids
and gluconeogenesis from fatty acids results in a loss of half of the glucose. These values show
that fatty acids are not very well suited as glucose storage since their use as such is associated
to a higher loss of glucose equivalents of carbohydrates in comparison to glycerol and amino
acids that are the major carbohydrate storage compounds besides glycogen. Nevertheless, as
discussed above, the utilization of fatty acids as glucose storage gives the body additional
flexibility in the utilization of its storage compounds and appears to be used as such in
situations during which gluconeogenesis is very active (such as in times of starvation,
carbohydrate-reduced or carbohydrate-free diets such as the traditional diet of Inuit, the native
Americans hunting in the plains, Atkins dieters in modern society, and also in the survival of
hibernating animals). (Christoph, Kaleta et. al.).
Note that although no evidence supports the conversion of fatty acid to glucose in any
significant amount....
The conversion of fatty acids to glucose has been calculated to be thermodynamically feasible:
“We computed the Gibbs free energy change and found that gluconeogenesis from acetyl-CoA
and from palmitate are both thermodynamically feasible.” (Christoph, Kaleta et. al.).
Some evidence to support the possibility of the fatty acid conversion to glucose in individuals
on the Atkins diet: “increased levels of methylglyoxal, an intermediate of some of the
gluconeogenic routes from fatty acids, have been observed in subjects on the carbohydrate
reduced Atkins diet during which ketogenesis is particularly active.” (Christoph, Kaleta et. al.).
It is plausible that the fatty acid => glucose pathway can increase in its efficiency, allowing an
organism to adapt to this metabolic pathway that is not normally activated to any sort of
sizable extent:
“As it has been observed that Caucasian people can adapt to the diet of Inuit within about 3
weeks, the limitation in capacity of these pathways is likely to get less severe over time,
probably due to the induction of specific enzymes along these pathways.” (Christoph, Kaleta et.
al.).
Again, the possible contribution of fatty acids to glucose production is not anything significant
nor sustainable...
“Although C-14 labelled isotopes can pass along this apparent pathways, animals cannot make
glucose from 2-C precursors in substantial amounts at a sustained steady state.” (Figueiredo et.
al. p. 2619).
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Though, one author feels that more studies that examine this possible metabolic pathway in a
larger context may yield positive results down the line...
“It cannot be excluded that a conversion of fatty acids into sugars is found when larger (perhaps
genome-scale) metabolic networks in animals are studied.” (Figueiredo et. al. p. 2619).
Such as via the possible metabolic route via acetone (regardless, most likely a minor
contribution):
“...Indeed, already Weinman et al. (1957) mentioned the possibility of a conversion via acetone
or acetoacetyl- CoA (see below), and this has been supported by subsequent studies (Hetenyi
and Ferrarotto, 1985; Reichard et al., 1979).”
“If glucose synthesis from acetone is possible in humans, this process could account for 11% of
the glucose production rate and 59% of the acetone production rate in 21 day fasted subjects.”
(Reichard, GA Jr. et. al.).
“Incorporation of radioactivity from acetone into glucose suggests the possibility of
gluconeogenesis from the compound, a process which evidence has been obtained in rats and
ketotic cows. On the basis of our specific activity data, we have calculated that 4-11% of
plasma glucose production could theoretically be derived from acetone. The value of 11% was
obtained in 21 day fasted obese subjects...Thus, the rate of glucose production from acetone
would be (11/100) x 370 = 40 micro-moles/min glucose equivalents of acetone or 59% of the
plasma acetone production rates measured in these subjects. It is recognized that these
calculations are based on an unproven assumption that net glucose synthesis from acetone can
occur in human.” (Reichard, GA Jr. et. al.)
If the conversion of fatty acid to glucose does exist, it would be limited, based on our current
understanding of the metabolic pathways at work in this hypothetical situation:
Acetone metabolism (used to form pyruvate from fatty acid to glucose route) is limited by the
availability of NADPH since the replenishment of NADPH is impaired during gluconeogenesis in
order to preserve other gluconeogenic precursors that would be required for the replenishment
of NADPH. NADPH is needed for the conversion of acetone to pyruvate. In addition, any of the
selected hypothetical pathways that have been suggested as possible routes for the production
of glucose from fatty acids may be limited by the toxicity of several of their metabolites
(methylglyoxal & acetone), making the utility of these pathways limited to an extent.
(Christoph, Kaleta et. al.).
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KETOGENIC DIET
SUMMARY
High Fat, Low Carbohydrate, Adequate (Moderate) Protein
Metabolic Adaptations to a Low Carbohydrate Diet:
When a low carbohydrate diet is consumed, the body must adjust its metabolism to run with
very limited amounts of one of its most vital fuels—glucose. To help spare glucose, fatty acids
and ketone bodies derived from the breakdown of fat are used to fuel ATP synthesis
throughout most of the body. As levels of glucose and insulin fall, large amounts of fatty acids
are released from fat (adipose) stores and are used by the liver both to fuel the synthesis of
glucose, in a process known as gluconeogenesis, and to form the ketones Betahydroxybutyrate, acetoacetate, and acetone from acetyl-CoA produced by burning fat via betaoxidation. Once formed, ketone bodies act as transportable forms of acetyl-CoA that may be
burned by all cells containing mitochondria where acetyl-CoA can enter into the TCA cycle and
oxidative phosphorylation to generate ATP. When ketone levels are high, ketones serve as the
preferred fuel for highly active tissues such as the heart, skeletal muscle, and the brain.
The shift towards using predominantly fatty acids and ketones helps to spare limited glucose
stores. Unlike fat which can be stored in basically unlimited amounts by the human body,
glucose is stored in very limited quantity in the liver and skeletal muscle as glycogen. These
glycogen stores rapidly become depleted, forcing the liver to expend considerable energy (400600 kcal/day) to synthesize glucose from glycerol derived from triglycerides composing fat
tissue, and from certain ‘glucogenic’ amino acids derived from body protein and dietary
protein. Both of these conversions are inefficient as it takes about 100 grams of protein to
form 50 grams of glucose (50% efficiency), and 80 grams of triglyceride to synthesize just 8
grams of glucose (5% efficiency). With no carbohydrate intake, an estimated 200 grams of
glucose can be synthesized by the body per day. While glucose synthesis is inefficient and
energetically expensive, this glucose must be formed for those cells and tissues that are only
able to use glucose as fuel (e.g. red blood cells, cornea, lens, and retina; also kidney medulla,
testis, and white blood cells which contain few mitochondria).
The brain and nervous system which under normal conditions with adequate carbohydrate
intake run primarily off of glucose, will shift towards using largely ketone bodies when a low
carbohydrate diet is consumed. As the brain would normally be the primary consumer of
glucose, this shift towards burning fat-derived ketones is vital for lowering the amount of
glucose that must be made by the liver. Decreasing the amount of glucose that must be
synthesized would have provided humans with a significant evolutionary advantage by helping
to spare the vital amino acids from protein that are used to make glucose. In a case of
starvation, this would help maintain muscle tissue, enabling a 70 kg man to survive 2-3 months
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instead of a few weeks, and for an obese man extending survival by many months to over a
year.
Ketone bodies are normally at very low concentrations in the blood. With the intake of a
balanced diet supplying all three macronutrients—carbohydrate, protein and fat—betahydroxybutyrate and acetoacetate are present at less than 0.1 mmol/L, and will rise to just
about 0.3 mmol/L after an overnight fast. With a low carbohydrate intake of 20-40 grams per
day, levels of the primary ketone beta-hydroxybutyrate will rise to about 1 mmol/L. When
dietary carbohydrate is severely restricted, ketone bodies will progressively rise with time
reaching a maximum of 7-8 mmol/L. Although, even a very small amount of carbohydrate as
little as 7.5 grams can significantly lower ketone concentrations so that just a handful of berries
can have a notable effect upon ketone levels. The maximum ketone levels reached by
restricting carbohydrates (7-8 mmol/L) is within the same range as the 5-8 mmol/L observed
during bouts of starvation. However, with prolonged fasting lasting up to 20 days ketones can
reach levels greater than 10 mmol/L. Ketone bodies reach their highest with uncontrolled
diabetes in which ketones often exceed 20 mmol/L, a condition known as diabetic ketoacidosis
whereby the blood pH also drops and becomes more acidic. This extreme level of ketosis
cannot be reached with fasting or carbohydrate restriction, and is specific to poorly regulated
type-1-diabetes.
Humans are relatively unique for their ability to greatly enhance ketone production from fat
when glucose is limited. The ability of the human brain to switch to using ketones as an
alternative to glucose is more developed than in other omnivorous mammals. This would have
been crucial for supporting the expansion of our large brains by providing a way to meet our
brain’s large energy demands in times of limited carbohydrate, famines and starvation, and
would have allowed us to survive migrations, droughts, wars, and loss of food resources due to
blight or natural disasters. Other mammals with much smaller brains that expend less than 5%
of their basal metabolic energy do not need to generate large amounts of ketones to fuel their
brain in times of starvation, hibernation, or limited carbohydrate intake. For example, fasting
adult dogs and hibernating bears do not rely upon ketogenesis. Glycerol, the chemical
backbone of triglycerides, that is released when fat is broken down offers a sufficient supply of
glucose precursor to meet these smaller brained mammals’ glucose needs.
The expansion of the human brain put a particularly large demand for glucose upon pregnant
and lactating women and their offspring. In the last weeks of pregnancy, the fetus’ growing
brain is estimated to consume an extra 100g of glucose daily, and lactating women must use
their own blood glucose to form lactose for milk, forcing them even in the carbohydrate fed
state to synthesize additional glucose via gluconeogenesis. In response, pregnant and lactating
women along with children developed an enhanced ability to ramp up ketogenesis so that in
response to a glucose deficit ketones can rapidly compensate to provide the growing nervous
tissue with a ready alternative source of energy, while also supporting the maintenance of body
protein and muscle tissue vital to survival.
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Extra Side Notes:
• Ketogenesis which involves the beta-oxidation (burning) of fatty acids as fuel to form acetylCoA is inextricably linked to gluconeogenesis as the fat burning that occurs with ketogenesis
provides the fuel needed for gluconeogenesis.
• In addition to glucogenic amino acids and glycerol, lactate may also be used by the liver to
synthesize glucose. However, lactate is only used to a significant degree for glucose synthesis
when engaging in high-intensity exercise that causes lactate levels to increase several fold.
• The short-chain fatty acid propionate formed from fermentation of carbohydrates in the
large bowel may also be used as a substrate for glucose synthesis. Although, as would be
expected, a low carbohydrate diet significantly decreases levels of short-chain fatty acids due to
a decrease in available fibrous carbohydrates for the gut bacteria to ferment. Thus, on a low
carbohydrate diet, propionate would not be a major contributor to glucose synthesis.
• At any given moment, each cell within the human body contains about 1 billion molecules of
ATP that it will burn through and have to reproduce within just 3 minutes.
• The Evolutionary History of Beta-hydroxybutyrate (B-OHB) as a fuel—Most bacteria use polyB-hydroxybutyrate as an energy store. Poly-B-OHB is even used as fuel by archaea, suggesting
that it has been around for well over 2-3 billion years. No triglycerides have yet been found in
prokaryotes.

BENEFITS & DISADVANTAGES
Kidney Stones: In theory, a ketogenic diet with moderate to high protein should increase the
risk of developing kidney stones due to its ability to raise levels of urinary calcium and unbound
uric acid (both of which can form stones), decrease urinary citrate (known to prevent the
formation of stones), and increase urine acidity (which promotes the stone formation). In
epileptic children put on ketogenic diets, this theory holds true, as an increased frequency of
stones occurs. Among healthy adults, research on kidney stone formation on a ketogenic diet is
lacking. Although, there is research on risk of kidney stones on a low carb, high protein diet
that suggests that such a diet may only increase stones in those with compromised kidney
function, and not in those with healthy kidney function…more on this under Low Carb, High
Protein diets in a section below…
Ketogenic diets that include a higher protein intake (along with low carb, high fat), are known
to result in increased urinary calcium and free uric acid, decreased levels of urinary citrate, and
urine acidification, which together theoretically increase the likelihood that calcium or uric acid
will precipitate out and form a solid stone. The increase in urinary calcium excretion is thought
to be associated with a high protein intake, but negatively charged ketones present in urine
may also play a role in binding to positively charged calcium and causing its excretion. Epileptic
children put on ketogenic diets as a form of therapy have displayed an increased prevalence of
kidney stones occurring among 3-10% of the children assigned to the diet for 2 years. This in
comparison to the 1 in several thousand that form kidney stones in the general population
suggests that a ketogenic diet does increase the risk of forming stones, at least in epileptic
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children. In adults, research has been focused on the risk of kidney stones with the
consumption a high protein diet (that may or may not be ketogenic). Thus, it is not known
whether a strict ketogenic diet like the one administered to epileptic children would result in an
increased prevalence of kidney stones among healthy adults. However, one two year study in
which 307 obese adults adhered to an Atkins dietary regime that was restricted in carbohydrate
but which included unlimited intake of fat and protein observed no new kidney stones among
any of the subjects.
Acid/Base Balance with a Low Carbohydrate, Ketogenic Diet—
After a brief period of mild metabolic acidosis at the start of a low-carb ketogenic diet, the body
is able to rebalance pH levels to account for the increase in ketone bodies. However, this is not
the case with diabetic ketoacidosis in which ketone levels rise to extremes, preventing the body
from buffering the extra acidic load so that the blood pH drops.
Ketogenic Diet & Bone Health—
Children put on a ketogenic diet (high fat, low carbohydrate) were found to have poor bone
mineralization. This is in line with animal studies in which a high fat diet was also shown to
decrease bone mineralization.
Very low-carbohydrate, High-fat diet & Digestive Function and Bowel Health—Low carb dieters
display lower short-chain fatty acid concentrations, less frequent bowel movements, and
decreased bifidobacteria (probiotic gut bacteria), all of which may contribute to poor gut health
over time.
In a study on healthy, obese individuals, a very low carbohydrate diet (4% energy as
carbohydrate) resulted in significantly lower short-chain fatty acid concentrations than those
found among individuals consuming a moderate to high carbohydrate diet (35% or 52% carb).
In an 8 week study comparing the effects of a very low carbohydrate, high fat diet with a high
carbohydrate, high fiber, low fat diet among 91 participants, low carb dieters displayed less
frequent bowel movements, a decrease in bifidobacteria counts, and lower concentrations of
total short-chain fatty acids including butyrate which was 30-60% lower than among the high
carb dieters. While these results are not too surprising as a low carbohydrate diet supplies less
fiber for the colonic microbes to feed upon to produce short-chain fatty acids, this study does
draw attention to the functional changes that occur within the large bowel in response to a low
carbohydrate diet that may have deleterious long term effects. As is widely known, short-chain
fatty acids (especially butyrate) are critical for the maintenance of colonic mucosa and normal
bowel function. High bifidobacteria and lactobacilli are also important for colon health.
Other digestive disturbances have been noted by various studies where individuals consumed a
very low carbohydrate, ketogenic diet including nausea/vomiting, diarrhea, and constipation. A
low carb diet that includes a high intake of meat may increase the risk of colorectal cancer.
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In women, Ketogenic Diets can cause Menstrual Irregularities, Compromised Fertility, Altered
Embryonic Growth, & Decreased Offspring Survival—
High ketones in the blood are thought to be disruptive of women’s reproductive function. The
presence of significant amounts of ketones in the blood that occurs with a ketogenic diet has
been shown to disrupt normal menstruation in young women and adults. In young girls,
ketogenic diets can lead to amenorrhea or delayed puberty, and in adults, it is common to have
menstrual irregularities including missed periods or an altered cycle when placed on a
ketogenic diet. Once the ketogenic diet is no longer consumed, women who experienced
menstrual irregularities return to having normal menses.
Not only can a low carbohydrate ketogenic diet potentially impair fertility, but it may also
disrupt normal embryonic growth and development during pregnancy. Glucose is the main fuel
and the primary source of carbon for the fetus, and yet none of the glucose is synthesized by
the fetus. This places a huge demand for glucose upon the mother who must supply all of the
glucose used by a growing fetus from carbohydrate she consumes and through her own
synthesis of glucose via gluconeoegenesis. As the fetus grows, glucose needs increase.
Meeting these needs is essential as low glucose availability has been shown to compromise
fetal survival, and fetal growth is directly correlated to the maternal supply of glucose.
While no studies have yet been done in humans to determine the effects of a ketogenic diet
during pregnancy, in mice the diet was shown to lead to impaired embryonic growth and to
alterations in the normal development of fetal organs. Significant changes in brain structure
were also observed before and after birth. These observed effects may be the result of
inherent differences between the use of glucose or ketones as fuel that cause distinct patterns
of cellular growth. Ketones are more (25% more) efficient than glucose as a metabolic fuel so
that ketones supply more energy to fuel cellular growth. At the same time, ketones have an
inhibitory effect upon the synthesis of DNA which can slow the rate of cellular growth, and
impair the normal development of fetal tissues and organs including the brain. An excessive
supply of ketones to a fetal brain can impair DNA synthesis and proper growth and
development of brain structure. In one study, higher ketone levels in pregnant women with
diabetes was linked to lower I.Q.’s in their offspring. After birth, a ketogenic diet may continue
to inhibit proper growth and development. In mice, a ketogenic diet was shown to significantly
decrease weight gain. Similarly, epileptic children put on a ketogenic diet as part of their
therapy display stunted growth, and it has been suggested that very young children in general
grow poorly on a ketogenic diet lacking adequate carbohydrate. Carbohydrates may be
particularly important during the rapid expansion of the young human brain. The current
recommendation is for carbohydrates to account for at least one-third of the diet in infants up
to the age of 3.
In spite of the potential risks high ketone levels pose to a developing fetus and young child,
ketones do play a critically important role in providing an alternative brain fuel to glucose in
times of fasting or limited carbohydrate intake. Ketones also supply the basic building material
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used to synthesize cholesterol and many of the long-chain fatty acids that form a major portion
of the brain’s structure making them especially important for a developing brain. For this
reason, the brains of newborns and older infants absorb ketones four to five times faster than
adults. Right after birth, the human newborn enters into the world in a ketotic state with
concentrations of Beta-hydroxybutyrate (B-OHB) rising to 2-3 mM. BOHB fuels nearly half of
the newborn brain’s energy needs. Ketosis is sustained up until 2-3 days of lactation when
sufficient lactose intake suppresses ketogenesis. Although, ketone synthesis still occurs with
lactation. Lactation further supports the synthesis of ketones by supplying ample short-chain
and medium-chain fatty acids (4-14 carbons in length) present in the mother’s milk. These fatty
acids are unique in that they can very easily be turned into ketones, ensuring that the
newborn’s growing brain will have a ready supply of ketones when needed. Once lactation
ceases, human neonates are unique among mammals in that their abundant body fat stores still
include some short and medium-chain fatty acids, composing 8-10% of total body fat, that can
be released from fat tissue to be made into ketones. Thus, in the human neonate, ketogenesis
is well fueled beyond weaning, providing both an energetic reserve and building materials for
the developing brain. Having a backup brain fuel would not only have supported survival, but it
would have been essential in surpassing the energetic constraints on brain expansion by making
it possible for the exceptionally high energetic demand of the large human brain to be met.
Remarkably, a newborn’s brain consumes an estimated 74% of its total energy budget.
Effects of a low carbohydrate diet on promoting weight loss, diabetes, the metabolic syndrome,
blood lipids and risk of cardiovascular disease—
• Potential Negative Effects…
• Individuals consuming a low carbohydrate diet for several months had a slight increase in
their blood homocysteine levels. Elevated levels of blood homocysteine is believed to increase
cardiovascular risk through alterations in normal vascular function and blood coagulation.
Further and more long-term studies are needed to determine whether the slight elevations in
homocysteine may have effects upon the risk for cardiovascular disease. The positive effects of
low carb dieting upon blood lipids (as explained below) may act to counteract any increases in
risk.
• Potential Positive Effects…
• Low carb dieting leads to improvements in factors associated with type 2 diabetes including
lower blood glucose, decreased insulin resistance (cells more responsive to insulin), and
improved control of glucose levels in general so less insulin is needed as therapy.
• There is ample evidence that a low carbohydrate diet promotes weight loss, and does so to a
greater degree than low fat diets or low calorie diets with a more balanced ratio of carb, fat and
protein. This may be partly due to a low carb diet’s ability to decrease (fat) synthesis and
increase fat breakdown to provide the energy needed for synthesizing glucose. Low carb diets
may also result in a decreased appetite as both a high protein intake and the presence of
elevated blood ketones have been associated with suppressed appetite. Low carb diets with a
higher protein intake will also have an increased thermogenic effect.
• Note: While amino acids are needed for gluconeogenesis with a low carbohydrate diet,
muscle tissue appears to be maintained as long as adequate protein is consumed. The
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presence of ketones from very low carb dieting are thought to act to preserve muscle tissue.
There is some evidence to suggest that a low carb diet higher in protein not only may help to
maintain muscle mass but may also result in greater decreases in body fat.
• Effects on Blood Lipids—Contrary to the long-held belief that a low carb diet high in fat and
cholesterol might negatively affect levels of blood lipids, potentially increasing risk of
cardiovascular disease, there is now significant evidence that diets low in carbohydrates have
an overall beneficial effect upon blood lipid profiles. Even with a much higher intake of
cholesterol and total fat including saturated fat, a low carb diet improves the blood lipid profile
by decreasing triglycerides, raising HDL-C (good) cholesterol, and increasing the size of LDL-C
(bad) cholesterol so that LDL-C is less prone to contributing to plaque buildup.
• A significant decrease in circulating levels of blood triglycerides is one of the most prominent
effects of a low carbohydrate diet upon blood lipids. Even more mild reductions in
carbohydrates has been shown to result in decreased levels of triglycerides. High triglycerides
contribute to cardiovascular risk. A very low carb ketogenic diet lowers triglycerides to a much
greater degree than a low fat diet. Low fat, high carb diets can actually increase triglycerides in
the absence of increased physical activity or weight loss.
• A very low carbohydrate diet significantly raises HDL-C (the good cholesterol), raising it to a
greater degree than other recommended lifestyle modifications such as aerobic exercise,
stopping smoking, etc. Women show the greatest increase in HDL-C on a low carbohydrate
diet. A very low carb diet specifically increases the number of larger HDL-C’s which are thought
to be the most cardioprotective. Low HDL-C is considered an independent risk factor for heart
disease and heart attack.
• Levels of LDL-C (bad or ‘lousy’ cholesterol) are either not affected or are slightly increased
with the consumption of a low carbohydrate diet. While an increase in LDL-C is not considered
favorable, low carb diets result in more of the larger, more buoyant LDL-C particles and fewer
small, dense LDL-C. As larger LDL-C are thought to be less atherogenic (plaque causing) than
small, dense LDL-C, this shift to more large LDL-C is thought to be beneficial for cardiovascular
health. Individuals with higher concentrations of small, dense LDL have a greater than three
fold risk of cardiovascular disease. Low fat diets may lower LDL-C but result in a greater
number of small, dense LDL-C which are thought to be more atherogenic (plaque causing). The
proportion of carbohydrate to fat in the diet appears to have a strong influence upon LDL
particle size.
• Low fat diets lower LDL-C but also may decrease HDL-C. Weight loss with any diet lowers
LDL-C.
• Low carb diets result in reduced postprandial lipemia (the rise in blood lipids after a meal)—
In spite of the concern that a low carb diet higher in fat will lead to higher levels of lipids in the
blood after a meal (a phenomenon associated with increased cardiovascular disease risk), the
rise in blood lipids that occurs after a fatty meal is actually reduced in an individual that has
been adapted to a very low carbohydrate diet higher in fat.
Effects of a Low Carb Diet on Brain Metabolism, Cognitive Performance, Mood, Aggression &
Sociability—
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• Brain Metabolism of Ketones—The brain’s uptake of ketones increases in direct proportion
to their levels in the blood. The brain is ready to burn ketones as fuel as soon as they are
available. In vitro studies in which glucose and beta-hydroxybutyrate were both applied to
brain slices showed that as beta-hydroxybutyrate concentrations rise, the brain prioritizes
burning the ketone over glucose. When glucose is limited, ketones can be burned to fulfill 7580% of the brain’s energy requirements.
• Associated Advantages of using Ketones—The human brain’s extraordinary ability to switch
to using mainly ketones in place of glucose has some key advantages. First, since ketones are
made from the breakdown of fatty acids, the switch to using high amounts of ketones enables
humans to make use of their abundant fat stores in order to fuel this very energetically
expensive tissue. Glucose and protein stores are very limited, so switching to using fat-derived
ketones to fuel the brain is much more sustainable. By helping to spare glucose, ketones
ensure that there is sufficient glucose for those tissues that can only burn glucose. The brain’s
use of ketones also minimizes the amount of glucose that must be synthesized. As certain
amino acids serve as the primary substrates for synthesizing glucose, this has profoundly
beneficial effects on preserving the body’s muscle mass and maintaining normal organ function
that can be compromised by protein deficiency. In evolutionary terms, this would help ensure
that in times of fasting, limited carbohydrate availability, or starvation, the large human brain
would still have plenty of fuel that does not require breaking down muscle tissue or impairing
normal organ function, both of which would be major threats to survival.
• Effects upon Cognitive Function—Impairments in cognitive function have been found in
studies examining the short-term effects of a low carb diet consumed for 8 weeks or less. In
one study, low carb dieters performed worse on memory based tasks than those on a balanced
macronutrient diet. This was most apparent after 1 week of dieting when glycogen stores were
likely at their lowest. In this same study, however, low carb dieters did better on an attention
vigilance task, responding faster to targets, suggesting better sustained attention. In another
study, overweight women put on a low carb, ketogenic diet for 1 month did not perform as well
on tasks requiring higher order mental processing and flexibility. Again, this was most apparent
in the first week of the diet. There is some evidence to suggest that these impairments in
cognitive function may be only transient and short-lived, although more research is needed.
• Effects on Mood—A ketogenic diet has been found to significantly alter levels of the
neurotransmitters dopamine and serotonin, and in doing so, might have anti-depressant, antianxiety, and other mood stabilizing effects. However, further research is needed as there is
also research that associates a low carbohydrate intake over time with decreased mood.
• Some researchers have proposed a “biphasic effect” of ketogenic diets in which an initial
decrease in energy and physical activity, impairments in cognitive function, negative alterations
in mood and overall vitality pass with the chronic consumption of a ketogenic diet, and after a
few weeks are replaced with increased activity, vitality, alertness. Improved cognitive function
in the form of increases in processing speed and working memory were observed in two studies
examining the cognitive effects of a chronic ketogenic diet.
Low Carbohydrate Diets & Exercise—
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• Changes in Muscle Fuel Metabolism on a Low Carb Ketogenic Diet—A low carb, high fat diet
consumed for more than 7 days results in a dramatic shift towards increased fat oxidation (i.e.
breakdown) and decreased use of carbohydrate as fuel within muscle tissue. This shift towards
the use of fat (in the form of fatty acids and ketones) to fuel muscle helps to spare reduced
muscle and liver glycogen stores on a low carbohydrate diet.
• Changes in Muscle Fuel Metabolism Takes Time (more than 1 week, possibly 3-4 weeks)—No
studies have been done yet to determine the optimal length of time to allow for the muscle to
adapt to a low carb, high fat diet. However, the current consensus is definitely more than one
week, and potentially as long as 3-4 weeks. Trained athletes do not adapt quicker than nonathletes. Exercise performed before adaptation has occurred is likely to cause feelings of
fatigue and reduced vigor, and as a result, may decrease desire to exercise or impair
competitive athletic performance. It is clear from several studies that there are impairments to
endurance performance after a week or two on a low carb, ketogenic diet, before adaptation is
complete.
• Adequate and balanced intake of potassium and sodium, and optimal protein intake (not too
high or too low) may be critical for maintaining physical performance on a low carb, ketogenic
diet by ensuring the preservation of muscle mass, and healthy circulation. Potassium is
contained within muscle tissue, and sufficient intake is needed to maintain muscle. The Inuit
are thought to have gotten an adequate and balanced ratio of sodium and potassium for
maintaining their physically rigorous lives. Potassium was obtained from the broth of a meat
soup which contains the potassium from the meat. Meat that is baked, roasted or broiled, or
meat that has been boiled and the broth discarded will no longer contain potassium. The Inuit
obtained the right amount of sodium by using brackish, coastal ice lower in salt to make their
soups, and inland, by adding sodium-rich caribou blood to soup.
• The optimal intake of protein to preserve lean muscle mass and physical performance on a
low carb, ketogenic diet is estimated at 1.2-1.7 g/kg body weight, or about 15% of total energy
intake on a 2,000-3,000 kcal/day diet. In one study, individuals on a ketogenic diet consuming
1.5 g/kg body weight of protein per day did not display decreased physical performance,
whereas the consumption of 1.2 g/kg body weight per day resulted in loss of muscle tissue and
impairments in physical performance.
• Exercise Performance Once Adapted—Given two or more weeks to adapt, physical activity
and endurance exercise of low to moderate intensity (at 60-70% of maximum oxygen
consumption) is not impaired. Overall, most forms of physical activity are not impaired with
the exception of weight lifting, jumping, sprinting (running or cycling), and other anaerobic,
maximum intensity exercise that occurs above 70% of maximum oxygen consumption, a level of
intensity in which oxygen demand surpasses supply. Without oxygen, fat cannot be burned as
fuel, and muscle must use glucose.
• Low carb, ketogenic diet beneficial or detrimental for athletic performance—With training,
endurance athletes increase their muscle lipid stores (i.e. triglyceride) to be nearly equivalent
to carbohydrate stores (i.e. glycogen), and maximize their muscles’ abilities to burn fat. The
observation that adaptation to a low carb, high fat diet further enhances fat oxidation in
muscle, even in trained athletes who already have high fat burning abilities, indicated a
potential advantage of such a diet for athletic performance. However, the studies done so far
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display conflicting results, some displaying a benefit, while others observing no advantage or
impairments in training capacity. Individual athletes’ responses to a low carb, ketogenic diet
are also highly variable. Note also that any competitive edge that an athlete might gain from an
enhanced ability to burn fat would only be advantageous when engaging in low to moderate
intensity exercise. There would still be significant limitations upon performance of highintensity exercise due to the reductions in muscle glycogen. Some experiments have been
done to try to see if carbohydrate intake before or during exercise in an athlete that has already
adapted to a low carb, high fat diet might restore muscle glycogen. Theoretically, this would
result in maximized fat oxidation coupled to sufficient glycogen for high intensity exercise.
While nice in theory, scientists found that once the muscles have adapted their metabolism to
burning predominantly fat, the muscle will continue to burn mainly fat and spare carb even if
carbohydrates are given around the time of exercise. Thus, just as it takes a few weeks for
muscles to adapt to burning more fat, it appears it takes some time for muscles to burn
carbohydrates again. Thus, overall, the research so far suggests that a low carb, ketogenic diet
is not beneficial for most competitive athletics due to the limitations put upon performing high
intensity exercise as a result of markedly reduced muscle glycogen stores.
Low Carb Diets & Liver Function—
The American Dietetic Association and the American Heart Association list impaired liver
function as a potential adverse effect of low carbohydrate diets, but I did not come across
anything in the literature suggesting liver function is impaired on a low carb diet (ketogenic or
not). In fact, a few studies suggest that liver function may be improved in individuals with nonalcoholic fatty liver disease or insulin resistance associated with impaired liver function, most
likely due to the positive effects of a low carb diet upon glucose and lipid metabolism.
High Protein Diets, Kidney Stones & Kidney Function—
Kidney Stones—
High protein diets have been strongly linked to a rise in plasma uric acid, and an increase in the
amount of calcium and acid that is excreted in the urine, which theoretically would be expected
to increase the risk of forming kidney stones. Calcium as well as uric acid become less soluble
in urine that is more acidic, making them more likely to form a solid stone. Nevertheless, based
upon the research done this far, it appears that while a high protein intake does indeed
increase urinary calcium, it does not lead to the formation of kidney stones in healthy
individuals with no past history of kidney stones. However, there is evidence to suggest that a
high protein intake may raise the risk of stone formation in individuals with a previous history
of having stones.
There is some preliminary evidence to suggest that the increases in blood uric acid levels, and
the rise in calcium and acid excreted in the urine may be transient, returning back to normal
levels within a matter of weeks.
Kidney Function—
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When a high protein diet is consumed, the kidney increases both in size and in the rate at which
it filters the blood passing through. These morphological and functional adaptations are
thought to be in response to the increased acidic load associated with a high protein diet as the
kidney plays an important role in buffering acid in order to help maintain the body’s proper pH.
In other words, a high protein diet is thought to cause the kidney to become larger and to work
faster in order to keep up with a greater acidic workload. This rationale has led to concerns
that high protein diets might overwork the kidney and cause damage or lead to disease if such a
diet was maintained for a prolonged period of time.
While more long term studies still need to be done, the research done thus far indicates that
the chronic consumption of a low carbohydrate, high protein diet does not negatively affect
kidney function in those with normal kidney function. Even if there is an increase in the size of
the kidney and the rate at which the kidney is filtering blood, the kidney is able to maintain
normal function in an individual with healthy kidneys. However, a high protein diet has been
found to accelerate the progression of renal dysfunction among those with preexisting kidney
disease or impaired kidney function. For these individuals, protein restriction is typically
prescribed.
High Protein Diets & Bone Health—
Low carbohydrate, high protein diets have long been thought to be harmful to bone health,
potentially causing a loss in bone mass and a decrease in bone mineral density that may even
increase the risk for osteoporosis. This notion was rooted in the observation that protein
metabolism, particularly that of the sulphur amino acids methionine and cysteine, generates
acid and therefore may promote acidosis (i.e. blood acidity). Ketone bodies formed in response
to a very limited carbohydrate intake also increase the blood’s acidity so that together a high
protein, low carbohydrate diet results in an overall increase in acid being introduced into the
body. The idea that this extra acidic load might compromise bone health was further
corroborated by a strong association between a high protein, low carbohydrate intake and an
increase in the amount of calcium that is excreted in the urine. From this, it was hypothesized
that the extra urinary calcium was derived from calcium that had been released from bone in
order to help buffer the greater dietary acidic load.
While the evidence does strongly suggest a close association between urinary calcium excretion
and protein intake, there is no research to indicate that the extra calcium is from bone. If bone
were the source of calcium, a long term high protein intake would be expected to result in a
loss of bone mineral density and mass over time. However, thus far, a high protein intake has
failed to display any negative effects upon whole body calcium balance or other markers of
bone turnover and status. The vast majority of research including smaller controlled studies,
large epidemiological studies, systematic reviews and meta-analyses do not support the theory
that acid generating low carbohydrate, high protein diets adversely affect calcium balance and
bone health. In fact, in numerous studies spanning all ages and sexes, protein intake has been
positively correlated with bone mass and mineral density, assuming adequate intake of calcium
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and vitamin D. Moreover, a high protein diet adhered to for weight reduction has been shown
to decrease the loss of bone mineral content that often occurs with weight loss.
The beneficial effects of a high protein intake upon bone health may be due to several factors.
A greater protein intake supports increased muscle mass and strength, which in turns has been
shown to support greater bone strength and density. Protein is also a major structural
component of bone that forms the bone matrix or scaffolding upon which minerals such as
calcium are deposited. This protein is constantly being renewed, requiring a steady supply of
new protein. Therefore, a high protein diet may help provide amino acids needed for
rebuilding and maintaining the bone matrix. The consumption of protein may also support
bone health by enhancing the absorption of another very important bone building material—
calcium. High protein intakes have been shown to promote the absorption of dietary calcium in
the gut. Some scientists have even speculated that the increase in urinary calcium observed
with a high protein intake may be reflective of an increase in calcium absorption, as opposed to
a loss of calcium from bone.
A high protein intake may also promote bone health by altering levels of IGF-1 (insulin-like
growth factor) and PTH, two signaling proteins (i.e. hormones) critical to bone remodeling.
Increased protein intake raises concentrations of IGF-1, a protein which acts to stimulate bone
formation and increase bone mass. At the same time, PTH (parathyroid hormone), a hormone
that functions to release calcium from bone into the blood, is decreased with a higher protein
intake. Thus, together, by lowering PTH and raising IGF-1, an increased protein intake shifts the
pendulum for bone remodeling to favor bone building, retention of calcium, and increased
bone mass.
The beneficial effects of protein on bone are thought to be most apparent within the context of
a diet containing adequate levels of calcium and vitamin D and plenty of fruits and vegetables
that through their alkalinizing (basic) effects may further help to balance out the acidic load of a
higher protein intake. In general, greater fruit and vegetable intake is associated with increased
bone health and a decreased risk of stone formation. Fruits and vegetables may be considered
an important component of any high protein diet aimed at promoting bone health.
Side Note: Inuit Bone Health
For decades, researchers interested in the effects of a high protein, high fat and low
carbohydrate diet upon bone health have looked to the Inuit. The Inuit diet is rich in animal
protein, high in fat, low in carbohydrate and low in calcium. The lack of adequate sunlight for a
major portion of the year also sets the stage for the Inuit to be deficient in vitamin D, the
sunshine vitamin critical to bone health. While it is hard to separate out which of these factors
(high protein, low calcium, and low vitamin D) has contributed the most to the Inuit’s bone
health, multiple studies done over several decades indicate that the Inuit do have poor bone
health as a result. Studies analyzing the skeletons of Inuit dating to both before (as far back as
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700BC) and after contact with Europeans found significantly lower bone mass and bone mineral
content coupled with a much more rapid loss of bone starting at a younger age compared to
other races including Americans of African and European descent. The oldest Inuit of 70+ years
were found to have 15-30% lower bone mineral content than people of European descent.
While the Inuit do appear to have poor bone health compared to other ethnicities, there is
some evidence to suggest that they have developed some genetic adaptations to help
compensate for their low calcium intake and limited ability to synthesize vitamin D from sun
exposure. The Inuit may have developed an ability to more efficiently use what limited supply
of vitamin D they do have by more readily converting vitamin D to its active form and by
developing more sensitive cellular receptors for vitamin D to bind to and exert its positive
effects upon calcium absorption, bone mineralization, and bone growth. These more sensitive
vitamin D receptors may underly the enhanced calcium absorption observed in one study
among Inuit children relative to white children.

EVIDENCE
Low-Carbohydrate Diet—
How does the body adjust?
“Low-carbohydrate Ketogenic Diet Physiology—from glucocentric to adipocentric. A typical
human cell may contain nearly one billion molecules of adenosine triphosphate (ATP) in
solution at any given instant. Remarkably, this amount of ATP can be utilized and resynthesized
every 3 minutes. Given such a great demand for ATP, the existence of complementary
pathways for its synthesis is not surprising, as such pathways confer survival advantages during
extreme perturbations in macronutrient consumption. Under conditions of extreme
carbohydrate limitation, cellular metabolism can still be supported if essential nutrients are
provided, as demonstrated by the cultural precedent of the traditional Inuit (Eskimo) people.
Cells that can employ fatty acids will derive energy from fatty acids, glucose, and ketones, but
will shift to preferentially use more fatty acids. Cells that cannot use fatty acids must be
supported by glucose and ketones, and will shift to preferentially use more ketones (eg,
nervous tissue). Cells with few or no mitochondria are entirely glucose dependent and must
still be sustained by glucose (cells with no mitochondria include erythrocytes, cornea, lens, and
retina; cells with few mitochondria include renal medulla, testis, and leukocytes). So, under
conditions of extreme carbohydrate limitation, the same energy sources are used, but a greater
amount of energy must be derived from fatty acids and ketones (“adipocentric”) and less
energy from glucose (“glucocentric).”(Westman, Mavropoulos, Yancy, & Volek).
“Modern humans require a reliable source of glycemic carbohydrate to support the normal
functioning of our brain, kidney medulla, red blood cells, and reproductive tissues. The brain
alone accounts for 20–25% of adult basal metabolic expenditure (Fonseca-Azevedo and
Herculano-Houzel 2012). In addition to the demands of the brain, red blood cells require
approximately 20 g glucose per day directly from the bloodstream (Mulquiney et al. 1999).
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Under normal circumstances, a glucose requirement of approximately 170 g/day is met by a
mixture of dietary carbohydrate and gluconeogenesis from noncarbohydrate sources, such as
the glycerol moiety of fats, some amino acids (e.g., alanine), or absorbed propionate from gut
fermentations of dietary carbohydrates (Wong et al. 2006).
There is debate on whether dietary carbohydrates are actually essential for human nutrition. In
the absence of dietary carbohydrate, or during starvation, gluconeogenesis alone is usually not
sufficient and the brain begins to utilize ketones, a byproduct of high levels of fat oxidation
(Westman 2002). Under these conditions, about 80% of the brain’s energy needs can be met
from ketones but to maintain normal brain function in individuals adapted to an essentially
carbohydrate-free diet there remains an absolute requirement for 30–50 g (Institute of
Medicine 2006) of dietary glycemic carbohydrate per day to fill the gap between gluconeogenic
capacity and the brain’s requirement for glucose (Macdonald 1988). A daily carbohydrate
intake of about 50–100 g is considered essential to prevent ketosis in adults (Institute of
Medicine 2006), and is consistent with a more realistic recommendation for the practical
minimal requirement of 150 g/day of glycemic carbohydrate intake beyond the ages of 3 to 4
years (Bier et al. 1999). Up to the age of 3, while brain size increases rapidly, the
recommendation is that at least one-third of dietary energy should be supplied from
carbohydrates (Bier et al. 1999).” (Hardy et al.)
“After a few days of fasting, or of drastically reduced carbohydrate consumption (below
50 g/day), glucose reserves become insufficient both for normal fat oxidation via the supply of
oxaloacetate in the Krebs cycle (which gave origin to the phrase ‘fat burns in the flame of
carbohydrate’) and for the supply of glucose to the central nervous system (CNS).
The CNS cannot use fat as an energy source; hence, it normally utilizes glucose. After 3–4 days
without carbohydrate consumption the CNS is ‘forced’ to find alternative energy sources, and
as demonstrated by the classic experiments of Cahill and colleagues this alternative energy
source is derived from the overproduction of acetyl coenzyme A (CoA). This condition seen in
prolonged fasting, type 1 diabetes and high-fat/low-carbohydrate diets leads to the production
of higher-than-normal levels of so-called ketone bodies (KBs), that is, acetoacetate, βhydroxybutyric acid and acetone—a process called ketogenesis and which occurs principally in
the mitochondrial matrix in the liver…Under normal conditions of adequate dietary
carbohydrate, the production of free acetoacetic acid is negligible and it is rapidly metabolized
by various tissues, especially the skeletal and heart muscles…Under normal conditions, the
concentration of KBs is very low (<0.3 mmol/l) compared with glucose (~4 mmol), and as
glucose and KBs have a similar kM for glucose transport to the brain the KBs begin to be utilized
as an energy source by the CNS when they reach a concentration of about 4 mmol/l, which is
close to the Km for the monocarboxylate transporter.
KBs are then used by tissues as a source of energy through a pathway that leads to formation
from β-hydroxybutyrate of two molecules of acetyl CoA, which are used finally in the Krebs
cycle. It is interesting to note that the KBs are able to produce more energy compared with
glucose because of the metabolic effects of ketosis—the high chemical potential of 3-βhydroxybutyrate leads to an increase in the ΔG0 of ATP hydrolysis. A further point to underline
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is, as shown in Table 1, that glycaemia, even though reduced, remains within physiological
levels because of the fact that glucose is formed from two sources: from glucogenic amino acids
and from glycerol liberated via lysis from triglycerides.” (Paoli, Rubini, Volek, & Grimaldi 2013).
“On an LCKD (Low-carb, Ketogenic Diet), the fatty acids are derived from dietary fat, or adipose
tissue if the diet does not meet the daily caloric requirement. Free fatty acids are delivered to
the liver for conversion to KB (ketone bodies). Ketone bodies then exit the liver to provide
energy to all cells with mitochondria. Within a cell, ketone bodies are converted to acetyl CoA
for generation of ATP via the tricarboxylic acid cycle and oxidative phosphorylation…Ketone
formation and a shift to using more fatty acids during a LCKD reduce the body’s overall
requirement for endogenous glucose. Even during high-energy demand from sub-maximal
exercise, an LCKD has “glucoprotective” effects. In essence, ketosis arising from an LCKD is
capable of accommodating a wide spectrum of metabolic demands to sustain function while
sparing the use of protein from lean muscle tissue. Ketone bodies also mediate glucose-sparing
effects by serving as the preferred energy substrate for highly active tissues such as heart and
muscle. Consequently, more serum glucose is available to the brain as well as other obligate
glucose-dependent tissues.” (Westman, Mavropoulos, Yancy, & Volek).
“D-Beta-hydroxybutyrate, the principal "ketone" body in starving man, displaces glucose as the
predominating fuel for brain, decreasing the need for glucose synthesis in liver (and kidney) and
accordingly spares its precursor, muscle-derived amino acids. Thus normal 70 kg. man survives
2-3 months of starvation instead of several weeks, and obese man many months to over a year.
Without this metabolic adaptation, H. sapiens could not have evolved such a large brain. Recent
studies have shown that D-beta-hydroxybutyrate, the principal "ketone", is not just a fuel, but a
"superfuel" more efficiently producing ATP energy than glucose or fatty acid…
This brief review emphasizes the crucial role played by Beta-OHB in human evolutionary
survival during periods of deprivation by providing fat-derived calories to an expanding cerebral
cortex (5-7). More significant to modern times, it may be a better fuel than glucose or fatty
acids for reasons other than simply displacing glucose as brain fuel, namely by providing more
cellular energy per unit oxygen consumed (8).” (Cahill, Jr. & Veech 2003).
“These ketone bodies can be used as a fuel by all mitochondria-containing tissues including
muscle and brain (1).” (Adam-Perrot et al.).
“In the normal individual, Beta-OHB and acetoacetate are less than 0.1 millimolar and acetone
essentially unmeasurable. In the starving human adult, beta-OHB is 5-8 millimolar,
acetoacetate 1-2 millimolar and acetone approximately the same as acetoacetate. In diabetic
ketoacidosis, B-OHB may rise to 10-20 millimolar or even higher; acetoacetate to 1/4 that
amount. Depending on the duration of ketoacidosis, acetone levels may rise to 10 millimolar
from the spontaneous non-enzymatic decarboxylation of acetoacetate.” (Cahill, Jr. & Veech
2003).
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“As briefly reviewed, a ketoacid level of 5-8 mM in starvation is relatively unique to man. In
general, mammals with brain consuming less than 5% of basal metabolism need not become
ketotic since glycerol released from adipose tissue triglyceride provides sufficient glucogenic
precursor for brain’s glucose needs. For example, Beta-OHB levels in the black bear in its 4
month or so of winter sleep remain below 1 mm. When did primates cross this 5% line?
Certainly well before Homo habilis or H. ergaster (1-2 myr bp) but after primate bipedalism (7-8
myr bp). A reasonable guess is before the earliest stone age (Oldowan Period of the Lower
Paleolithic, 2.5-3 myr bp). Brain size then reached a plateau of approximately 1200 cc which
increased very slowly over two million years to our present 1400 cc. But brain size is probably
just part of the story, and perhaps a small part…we know that brain size and function are poorly
related…This could not have happened without B-OHB supporting survival during the frequent
famines caused by natural catastrophes as well as those caused by man himself during
hostilities and migrations.” (Cahill, Jr. & Veech 2003).
“…ketosis accordingly develops more rapidly and more severely in children, hours instead of
days. The same is true for the pregnant human since the conceptus is simply a second
metabolic brain consuming near term some 100 grams of glucose daily. Lactation does similarly
due to synthesis of lactose from blood glucose.” (Cahill, Jr. & Veech 2003).
“…the CNS requires between 20% to 50% of resting metabolic energy.” (Westman,
Mavropoulos, Yancy, & Volek).
“The energy cost of gluconeogenesis has been confirmed in several studies and it has been
calculated at ~400–600 Kcal/day (due to both endogenous and food source proteins).” (Paoli,
Rubini, Volek, & Grimaldi 2013).
“Casein and meat protein can be converted to glucose at about 50% efficiency, so
approximately 100 g of protein can produce 50 g of glucose via gluconeogenesis. Another
substrate for gluconeogenesis is glycerol from dietary fat. During prolonged fasting, glycerol
released from lipolysis of triglycerides in adipose tissue may account for nearly 20% of
gluconeogenesis. As nearly 10% of triglyceride by weight is glycerol, and two molecules of
glycerol combine to form one molecule of glucose, 80 g of triglycerides may be converted into 8
g of glucose (5% efficiency). Lactate is believed to be a negligible glucosynthetic precursor and
likely does not play a major role in such compensatory mechanisms in prolonged fasting or
LCKD, but may play a role during high intensity exercise when lactate levels increase severalfold.” (Westman, E.C., Mavropoulos, J., Yancy, W.S., & Volek, J.S. 2003).
“We would like to emphasize that ketosis is a completely physiological mechanism and it was
the biochemist Hans Krebs who first referred to physiological ketosis to differentiate it from the
pathological keto acidosis seen in type 1 diabetes. In physiological ketosis (which occurs during
very-low-calorie ketogenic diets), ketonemia reaches maximum levels of 7/8 mmol/l (it does
not go higher precisely because the CNS efficiently uses these molecules for energy in place of
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glucose) and with no change in pH, whereas in uncontrolled diabetic ketoacidosis it can exceed
20 mmol/l with a concomitant lowering of blood pH (Table 1).” (Paoli, Rubini, Volek, & Grimaldi
2013).
“Ketosis is frequently viewed as deleterious because of the association with the acidosis from
the hyperketonemia seen in untreated type-1 diabetes. Such extreme ketone levels are due to
the absence of insulin and unregulated lipolysis and are not seen in fasting or during
carbohydrate restriction. A wide range of blood concentrations of ketones are possible (10 2–10
5
mol/L) [35], similar to the broad range of glucose levels observed clinically. Thus, both ketones
and glucose extend across similar ranges in health and disease with high levels of both
manifesting in deleterious outcomes. The concentration of blood ketones (b-hydroxy-butyrate
plus acetoacetate) in healthy individuals in the carbohydrate fed state is about 0.1 mmol/L and
increases to about 0.3 mmol/L after an overnight fast[35]. Prolonged fasting up to 20 days can
increase ketone bodies to >10 mmol/L. In healthy men, an isocaloric VLCKD (<20g
carbohydrate/day) resulted in b- hydroxybutyrate greater than 2mmol/L after two weeks and 3
mmol/L by four weeks [36]. This is an order of magnitude below the levels that occur in
untreated type-1 diabetes, which often exceeds 20 mmol/L.” (Volek et al. 2008).
“This brings us to the evolutionary history of β-hydroxybutyrate (βOHB) and the role of various
energy sources required for life. Most bacteria use poly-β-hydroxybutyrate as an energy store;
coliforms are an exception. In some protozoans, up to 90% of dry weight is poly-βOHB. Even
archaea use it for energy storage, which suggests it has been around for well over 2–3 billion
years. It is possible that its selection was aided by the periods of low environmental oxygen that
occurred during the Archaean, Proterozoic, and Palaeozoic eras. Poly-βOHB is stored as several
large granules in the cytoplasm, therefore having very little osmotic effect. This is in contrast to
the two other fundamental archaeal energy stores, polypyrophosphate (38) and various
polysaccharides (14). Both of these require much hydration, with 2–4 grams of water stored in
cells along with each gram of glycogen (19). Polypyrophosphate for energy storage disappeared
with the prokaryotes. However, we have retained poly-βOHB, but apparently not for energy. It
is a component of cell walls and, in one case, a component of a Ca2+ channel (57). This is the
only example of a nonprotein ion channel so far reported. It is also present in low
concentrations in blood serum, and altered levels have been reported in diabetic animals (58). I
should point out that I have been unable to find evidence of triglyceride in prokaryotes!”
(Cahill, 2006).

• Benefits & Drawbacks?
Potential Adverse Effects of a Ketogenic Diet—

304

“The ketogenic diet has been associated with adverse effects including calcium oxalate and
urate kidney stones, acidosis, persistent vomiting, amenorrhea, hypercholesterolemia, and
water-soluble vitamin deficiencies…Adverse effects that may occur, but have not yet been
observed in monitored clinical trials, include kidney stones, electrolyte deficiencies
(hypokalemia and hypomagnesemia) if large water loss occurs, elevated fatty acids, and gout (if
too much protein is consumed). One case report describes an individual who ate cheese, meat,
and eggs (no vegetables) and then developed thiamine-deficient optic neuropathy…One case
report described the death of an unmonitored adolescent dieter from a probable hypokalemiaassociated arrhythmia.” (Westman, Mavropoulos, Yancy, & Volek).
“However, numerous professional organizations, including the American Dietetic Association
and the American Heart Association, have cautioned against the use of low-carbohydrate diets.
There are concerns that low-carbohydrate diets lead to abnormal metabolic functioning that
may have serious medical consequences, particularly for participants with cardiovascular
disease, type 2 diabetes mellitus, dyslipidemia, or hypertension. Specifically, it has been
cautioned that low- carbohydrate diets cause accumulation of ketones and may result in
abnormal metabolism of insulin and impaired liver and kidney function; in salt and water
depletion that may cause postural hypotension, fatigue, constipation, and nephrolithiasis; in
excessive consumption of animal proteins and fats that may promote hyperlipidemia; and in
higher dietary protein loads that may impair renal function.” (Bravata et al. 2003).
“Only one of the clinical trials has assessed symptomatic side effects of an LCKD (55). In that
study, subjects following an LCKD were more likely to experience constipation, headache,
muscle cramps, diarrhea, weakness, and skin rash than were those following a low-fat diet…”
(Westman et al. 2007).
“Two individuals reported an increase in seizure activity; two, thinning hair and/or hair loss,
both of which were corrected with vitamin supplementation; two, increased bruising or
bleeding; and two, subjective reports of stunted growth.” (Mady et al.).

Do Low-Carbohydrate, Ketogenic Diets Disturb the Body’s Acid/Base Balance?—
“In this study, there was a statistically significant, yet clinically small, decrease in mean serum
pH for followers of either an LCKD or an LFD. No individual on the LCKD had a serum pH
measurement below 7.37, with the lower limit of normal range being 7.35. Despite previous
case reports of acid-base disturbance in two individuals following similar diets, we did not
observe this disturbance in our sample of participants (Shah and Isley, 2006; Chen et al., 2006).
In the LCKD group, mean serum bicarbonate decreased and mean anion gap increased early in
the study but then returned to baseline, indicating that a compensated metabolic acidosis may
occur soon after initiation of an LCKD.Accordingly, the proportion of LCKD participants with
elevated urine and serum ketone body levels was highest early in the study and decreased over
time. Regardless of duration on the diet, the serum pH did not appear to be related to the
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concentration of serum ketone bodies. This likely reflects that the buffering capacity of the
body can accommodate the relatively low concentrations of ketone bodies (as compared with
diabetic or alcoholic ketoacidosis) that have been observed in individuals following an
LCKD…Another interesting finding that occurred in the LCKD group only was a statistically
significant reduction in lactate. This is consistent with a presumed overall shift from glycolysis
(anaerobic, lactate-producing) to fat metabolism (aerobic)….
In conclusion, in individuals following an LCKD or an LFD for 24 weeks, mean blood pH
decreased slightly with a mild transient decrease in serum bicarbonate and a mild transient
increase in anion gap observed only in the LCKD group. These changes occurred in conjunction
with a mild ketosis. These data suggest that an LCKD induces a mild compensated metabolic
acidosis. However, none of the individuals displayed evidence of a significant metabolic
derangement.” (Yancy Jr., Olsen, Dudley, & Westman, 2007).

Low Carbohydrate, High Fat Diet’s Effects on Bowel Health—
“Very low-carbohydrate diets are often used to promote weight loss, but their effects on bowel
health and function are largely unknown. We compared the effects of a very low-carbohydrate,
high-fat (LC) diet with a high-carbohydrate, high-fibre, low-fat (HC) diet on indices of bowel
health and function. In a parallel study design, ninety-one overweight and obese participants
(age 50.6 (SD 7·5) years; BMI 33·7 (SD 4·2) kg/m2) were randomly assigned to either an energyrestricted (about 6–7MJ, 30% deficit) planned isoenergetic LC or HC diet for 8 weeks. At
baseline and week 8, 24 h urine and faecal collections were obtained and a bowel function
questionnaire was completed. Compared with the HC group, there were significant reductions
in the LC group for faecal output (21 (SD 145) v. 61 (SD 147) g), defecation frequency, faecal
excretion and concentrations of butyrate (-0·5 (SD 10·4) v. -3·9 (SD 9·7) mmol/l) and total SCFA
(1·4 (SD 40·5) v. -15·8 (SD 43·6) mmol/l) and counts of bifidobacteria(P<0·05 time x diet
interaction, for all). Urinary phenols and p-cresol excretion decreased (P<0·003 for time) with
no difference between diets (P>0·25). Faecal form, pH, ammonia concentration and numbers of
coliforms and Escherichia coli did not change with either diet. No differences between the diets
were evident for incidences of adverse gastrointestinal symptoms, which suggests that both
diets were well tolerated. Under energy-restricted conditions, a short-term LC diet lowered
stool weight and had detrimental effects on the concentration and excretion of faecal SCFA
compared with an HC diet.This suggests that the long-term consumption of an LC diet may
increase the risk of development of gastrointestinal disorders.” (Brinkworth, Noakes, Clifton, &
Bird 2009).
“In an uncontrolled study, 57% of pediatric patients with epilepsy consuming an LC diet
reported GI disturbances, such as nausea/vomiting, diarrhoea or constipation(13). Similarly,
two other studies have reported greater incidences of constipation and/or diarrhoea following
an energy-reduced LC diet compared with a conventional high-carbohydrate, low-fat (HC)
diet(14,15). However, these findings were based on incidental observations rather than
systematic evaluation and consequently did not address indices of bowel health. Also, energy
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intake was not precisely controlled. In the only known study to date that has studied markers of
bowel health, Duncan et al.(16) showed in healthy, obese individuals that faecal concentrations
of total and major individual SCFA and ammonia were significantly lower after consuming an LC
diet (4 % of energy as carbohydrate) compared with the consumption of a diet containing
moderate or high amounts of carbohydrate (35 and 52% of energy as carbohydrate,
respectively).” (Brinkworth, Noakes, Clifton, & Bird 2009).
“Dietary fibre consists of mainly non-digestible carbohydrates and, not unexpectedly, fibre
intake was much lower in the LC group compared with the HC group (13 v. 32 g/d). For the LC
diet, this was substantially less than the 21 – 38 g/d recommended for adults by health
authorities to maintain digestive health and function(3,26). For this reason, compromised
bowel habit and poor bowel health are often cited concerns of LC diets(12)…Yancy et al. (15)
reported a greater frequency of constipation in overweight individuals consuming an LC diet
compared with an HC diet (68 v. 35 %)…Increased stool bulk is associated with intestinal
motility as evidenced by more frequent bowel movements and shortened colonic transit time
(29,30). Greater stool mass is postulated to reduce exposure of the colonic epithelium to
potentially harmful agents in the faecal stream, including mutagens, carcinogens and
procarcinogens (7)…Fibre (especially the more fermentable forms, such as resistant starch) is
quantitatively the most important dietary substrate for the colonic microflora and in accord
with the observed correlation of fibre and carbohydrate intake, fermentation diminished on the
LC diet as reflected by the lower faecal concentrations and excretion of total and the major
individual SCFA, including butyrate. This is in direct agreement with the findings of Duncan et
al.(16) who showed a significant reduction in faecal SCFA and butyrate concentration in
response to an LC compared with an HC diet in obese subjects that correlated with the level of
carbohydrate intake. Although the diets in the present study had differential effects on SCFA
concentrations, the relative molar proportions of the major individual SCFA were remarkably
similar (data not shown)…It is widely acknowledged that SCFA in general and butyrate in
particular are important for maintaining normal bowel function and the integrity of the colonic
mucosa(7,34). Faecal butyrate concentration and excretion were 30 – 60 % lower on the LC
diet, which suggests that adherence to this dietary regimen for an extended period may have
adverse consequences for gut health(9,10).” (Brinkworth, Noakes, Clifton, & Bird 2009).
“The reduction in faecal bifidobacteria numbers concurs with a small previous study that also
showed that faecal abundance of bifidobacteria in obese subjects was less on a highprotein/low-carbohydrate diet than on a medium-carbohydrate/high-protein diet(16). High
numbers of bifidobacteria and lactobacilli are considered important for the health of the
colon(24,44,45).” (Brinkworth, Noakes, Clifton, & Bird 2009).
“In conclusion, the short-term consumption of a moderate, energy-reduced LC diet was well
tolerated and while it had no obvious impact on bowel habit, laxation or GI comfort, there were
potentially adverse effects on a number of putative biomarkers of bowel health and function
compared with an isoenergetic conventional HC diet in healthy overweight and obese subjects.
These included lower total stool mass, less frequent bowel movements, reduced large-bowel
307

fermentation as evidenced by a reduction in the concentration and excretion of faecal SCFA
including butyrate, and an unfavourable shift in faecal microflora composition as shown by a
marked reduction in the numbers of bifidobacteria, suggestive of poorer bowel health and an
increased risk of colonic disease.”(Brinkworth, Noakes, Clifton, & Bird 2009).

Low Carbohydrate, Ketogenic Diets & Kidney Function—
**also see evidence under High Protein Diets & Kidney Function as there is some overlap
“Although mean creatinine clearance values did not exceed baseline values at week 6,
creatinine clearance did fluctuate significantly during the trial, and values for KLC at week 2
were 20% above baseline. A higher creatinine clearance rate exemplifies the renal functional
reserve and is considered a normal physiologic response, but in persons with compromised
renal function [11% of the US adult population (21) and 30 – 40% of diabetic patients (22)],
renal hyperfiltration, which potentially leads to glomerulosclerosis (23), may occur. Thus,
persons at risk of kidney disease should carefully consider KLC diets.” (Johnston et al. 2006).
“If we equate de facto ketogenic diets with high-protein diets (which is not always correct) then
the risks proposed by critics of this type of dietary approach are essentially those of possible
kidney damage due to high levels of nitrogen excretion during protein metabolism, which can
cause an increase in glomerular pressure and hyperfiltration. There is not wide agreement
between studies; however, some infer the possibility of renal damage from animal studies,
whereas others, looking at both animal models, meta-analyses and human studies, propose
that even high levels of protein in the diet do not damage renal function. In subjects with intact
renal function, higher dietary protein levels caused some functional and morphological
adaptations without negative effects…Moreover, it should be noted that ketogenic diets are
only relatively high in protein…” (Paoli, Rubini, Volek, & Grimaldi 2013).
“A frequently cited concern of very-low-carbohydrate diets is the potential for increased risk of
renal disease associated with a higher protein intake. However, to date, no well-controlled
randomized studies have evaluated the long-term effects of very-low-carbohydrate diets on
renal function. To study this issue, renal function was assessed in 68 men and women with
abdominal obesity (age 51.5+/-7.7 years, body mass index [calculated as kg/m2] 33.6+/-4.0)
without preexisting renal dysfunction who were randomized to consume either an energyrestricted (~1,433 to 1,672 kcal/day), planned isocaloric very-low-carbohydrate (4% total
energy as carbohydrate [14 g], 35% protein [124 g], 61% fat [99 g]), or high-carbohydrate diet
(46% total energy as carbohydrate [162 g], 24% protein [85 g], 30% fat [49 g]) for 1 year. Body
weight, serum creatinine, estimated glomerular filtration rate and urinary albumin excretion
were assessed before and after 1 year (April 2006-July 2007). Repeated measures analysis of
variance was conducted. Weight loss was similar in both groups (very-low-carbohydrate: 14.5+/-9.7 kg, high-carbohydrate: -11.6+/-7.3 kg; P=0.16). By 1 year, there were no changes in
either group in serum creatinine levels (very-low-carbohydrate: 72.4+/-15.1 to 71.3+/-13.8
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micro-mol/L, high-carbohydrate: 78.0+/-16.0 to 77.2+/-13.2 micromol/L; P=0.93 time x diet
effect) or estimated glomerular filtration rate (very-low-carbohydrate: 90.0+/-17.0 to 91.2+/17.8 mL/min/1.73 m2 , high-carbohydrate: 83.8+/-13.8 to 83.6+/-11.8 mL/min/1.73 m2; P=0.53
time x diet effect). All but one participant was classified as having normoalbuminuria at
baseline, and for these participants, urinary albumin excretion values remained in the
normoalbuminuria range at 1 year. One participant in high-carbohydrate had microalbuminuria
(41.8 micro-g/min) at baseline, which decreased to a value of 3.1 micro-g/min (classified as
normoalbuminuria) at 1 year. This study provides preliminary evidence that long-term weight
loss with a very-low-carbohydrate diet does not adversely affect renal function compared with
a high-carbohydrate diet in obese individuals with normal renal function.” (Brinkworth, Buckley,
Noakes, & Clifton 2010).
“In an uncontrolled, single-arm, 6-month intervention, no changes in urinary creatinine
clearance or protein excretion were observed following a very-low- carbohydrate diet (9).
Similarly, other studies have also reported no differences in renal function between a very- lowcarbohydrate or high-carbohydrate diet after periods up to 24 weeks in overweight and obese
patients who were either generally healthy or who had type 2 diabetes (10-12).” (Brinkworth,
Buckley, Noakes, & Clifton 2010).
“Protein intake has long been recognized as a modulator of renal function by which increases in
protein intake increase GFR (17-19). Very-low-carbohydrate diets are typically higher in protein
than a habitual diet (20), and this has raised concern that chronic consumption of a very-lowcarbohydrate diet may affect kidney function by increasing glomerular pressure and
hyperfiltration that may lead to progressive loss of renal function (6,7). In the present study,
serum creatinine and eGFR calculated using the MDRD equation did not change in either diet
group during the intervention (P>0.86 time x diet interaction)…These data are also consistent
with a long-term prospective study based on data from the Nurses’ Health Study (21), which
showed high dietary protein intake was not associated with a decline in renal function in
women with normal renal function during an 11-year period. However, this study also showed
that increasing protein intake was associated with accelerated decline in kidney function in
women with preexisting mild renal insufficiency…Collectively, these data suggest that the
chronic consumption of a very-low-carbohydrate weight loss diet may not adversely affect renal
function, at least in a patient population without overt renal decline, beyond which the study
results should not be generalized. Whether similar effects would be evident in obese individuals
with preexisting impaired renal function, including patients with diabetes and/or renal disease,
remains unknown and warrants further investigation…Although the present study has
prospectively examined the effects of very-low-carbohydrate and high-carbohydrate diets on
renal function in a randomized controlled trial over the longest duration to date, 12 months
may still not be sufficient for any adverse effects on renal function assessed by GFR to be
observed…it could be considered that a follow-up of at least 6 or more years may be required
to observe any effects of dietary manipulations on long-term GFR in individuals with mild renal
insufficiency. This notion is supported, at least in part, by a prospective cohort study that
showed dietary protein intake levels affect GFR in this patient population after 11 years (21).
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Moreover, it is plausible to suggest that even a longer period would be necessary in individuals
with normal renal function.” (Brinkworth, Buckley, Noakes, & Clifton 2010).
“In healthy obese individuals, a low-carbohydrate high-protein weight-loss diet over 2 years
was not associated with noticeably harmful effects on GFR, albuminuria, or fluid and electrolyte
balancecompared with a low-fat diet. Further follow-up is needed to determine even longerterm effects on kidney function…Of note, no electrolyte derangements were observed in the
low-carbohydrate high-protein group…In an observational study of 39 participants (54), a lowcarbohydrate high-protein weight loss diet had no clinically significant effects on acid-base or
electrolyte status, similar to our findings…In conclusion, this study, the longest and most
comprehensive to date on the effects of a low-carbohydrate high-protein diet on renal
function, revealed that the diet was not associated with noticeably harmful effects on GFR,
albuminuria, or fluid and electrolyte balance compared with a low-fat diet in obese individuals
without pre-existing kidney disease.” (Friedman et al. 2012).
Increased Prevalence of Kidney Stones in Children put on Ketogenic Diet for Epilepsy—
“For nearly a century, the ketogenic diet (KD) has been recognized as an effective
nonpharmacologic treatment for epilepsy. Despite positive effects on seizure frequency,
repeated studies have shown that the KD is associated with an increased prevalence of kidney
stones, ranging from 3% to 6% during a typical 2-year diet duration. Hypercalciuria, urine
acidification, and hypocitraturia, all known risk factors for kidney stones, often occur in patients
who on the KD…Oral potassium citrate is an effective preventive supplement against kidney
stones in children who receive the KD, achieving its goal of urine alkalinization. Universal
supplementation is warranted.” (McNally, M.A. et al.).
“The ketogenic diet is a high-fat, moderate-protein, and low-carbohydrate diet that, by
increasing the oxidation of fatty acids and subsequent production of ketone bodies, places the
patient in a state of ketosis and acidosis. In multiple studies, it has been shown to be efficacious
for intractable childhood epilepsy. Nephrolithiasis has been observed in children receiving the
ketogenic diet since it was first reported more than 30 years ago. The prevalence of kidney
stones ranges from 3% to 10%, in comparison to 1 in several thousand in the general
population.
There are several reasons for this increased risk. Hypercalciuria occurs with the ketogenic diet
due to increased bone demineralization with acidosis (bone phosphate acts as an acid buffer) as
well as increased calcium excretion by the kidney. Children on the ketogenic diet are also more
likely to have hypocitraturia; as citrate normally solubilizes free calcium in the urine, less citrate
in the urine means that more free calcium is available for stone formation. In addition, as uric
acid is less soluble in the low urine pH seen in children on the diet, it may more readily form
crystals and act as a nidus for calcium stone formation.” (Sampath, A. et al., 2007).
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Increased Calcium Excretion in Urine found among adults on a low carbohydrate, high protein
diet. No short term effects were observed (no kidney stones or diminished bone mineral
density), but long term effects are unknown—
“The propensity of the low-carbohydrate high-protein diet to increase urinary calcium excretion
confirms previous observational and interventional data in lean individuals linking increased
protein intake and urinary calcium excretion to a higher risk for calcium-based stones
(45,48,49). Urinary calcium excretion is increased through enhanced urinary acid output and
GFR, impaired renal tubular calcium reabsorption, reduced citrate excretion, and calcium
trapping by urinary sulfate and phosphate (45,50–52). It is also possible that the urinary
excretion of negatively charged ketones also contributes by obligating urinary loss of cations
such as calcium. Of importance, a low-carbohydrate high-protein diet was not linked to adverse
effects (e.g., clinical presentations of new kidney stones or diminished bone mineral density)
(8). However, whether such a diet is riskier in higher-risk populations (e.g., those with a strong
family history of nephrolithiasis, previous stones, or renal osteodystrophy) is an area ripe for
future research.” (Friedman et al. 2012).
“Multiple aspects of very-low-CHO, high-fat, high-protein diet likely contribute to a potential for
kidney stone formation. Low-CHO diet enhances ketone bodies production which may remain
elevated for several months (3 months or more) (12,17). Ketone bodies-induced acidosis,
results in hypocitruria and in an increase of un-dissociated uric acid (49). Urinary citrate is an
important inhibitor of calcium crystal formation and a low urinary level increases the risk of
calcium stone formation while patients on the very-low-CHO diet have also hypercalciuria
(8,70).” (Adam-Perrot et al.).

Menstrual Problems, Compromised Fertility, Altered Embryonic Growth, Decreased Offspring
Survival—
“Little is known concerning the efficacy and adverse effects of the ketogenic diet in adults with
refractory epilepsy. This review reports preliminary results in 11 adults prospectively treated
with the diet who had previously failed to gain seizure control with two or more medications
and/or surgery.
Methods: Eleven patients nine women, two men), median age, 32.2 years (range, 19-45 years)
were treated with the ketogenic diet with a 4:1 ratio with fluid restriction…All nine female
patients reported menstrual irregularities consisting of either missed or irregular cycles…In
1930, Barborka (8) reported results of his trial of the ketogenic diet as monotherapy on 100
adults (age range, 15-51 years) at the Mayo Clinic…Barborka cited constipation and cessation of
menses as common complaints from his patients…All female patients reported menstrual
irregularities, which manifested as missed periods or altered cycles. This is not uncommon,
considering that menstrual irregularities are reported in other high-ketone states such as
starvation. However, women who discontinued the diet reported resumption of their menses
and regular cycles.” (Sirven, J. et al. 1999).
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“Nine (45%) girls reported menstrual problems while on the diet; specifically, amenorrhea (six)
and delayed puberty (three). Only four of nine girls with menstrual irregularities had weight
loss. One adolescent began hormonal therapy (combination estrogen/progesterone oral
contraceptive) to induce menses; eight experienced a return of normal menses after diet
discontinuation. One girl reported menorrhagia after diet discontinuation; this was
subsequently treated with an oral contraceptive.” (Mady et al.).
“Fats, mostly from marine sources, are the major source of energy for nonglucose-dependent
tissues, thereby sparing glucose for those tissues that require it, such as the brain. Although a
very high fat intake will prevent protein toxicity and provide energy for metabolism, it comes at
the cost of high levels ketones in the blood, which can compromise reproductive function (Kim
and Felig 1972). Traditional Arctic Inuit populations are known to have had a relatively low birth
rate and a highly seasonal pattern of reproduction, which continued after widespread contact.
Whether the low and seasonal birth rate was associated with seasonally varied diet, such as
possibly reduced access to plant foods and carbohydrates in winter, or the presence at high
frequency of the CPT1A Pro479Leu change, or whether there are other social and cultural
explanations, are matters for speculation (Condon 1982; Scheffel 1988).
Glucose is the main energy source for fetal growth, and low glucose availability can
compromise fetal survival (Herrera 2000; Baumann et al. 2002). Pregnant females have a
minimal requirement for 70–130 g/day of preformed glucose or glucose equivalents to
maintain optimum cognitive function in the mother and to nourish the fetus (Institute of
Medicine 2006). Although increased gluconeogenesis is one of the first metabolic adaptations
to pregnancy, maternal glucose levels decline in early pregnancy (Butte 2000; Metzker 2010;
Thame et al. 2010). As pregnancy progresses, intrinsic insulin resistance develops in order to
redirect glucose away from the mother and toward the growing fetus (Butte 2000).In healthy
pregnant women, fetal growth is directly correlated with maternal glucose
concentration(Metzger et al. 2009); larger infants are born to women with higher blood glucose
(Butte 2000), while a link has been made between maternal gestational ketonemia and a
reduced offspring IQ (Rizzo et al. 1991). Tests of glucose deprivation in animals have repeatedly
demonstrated a link between maternal glucose levels and offspring viability (Romsos et al.
1981; Taylor et al. 1983; Koski and Hill 1986). Offspring survival can also be affected by the
increased demand for glucose during lactation. At peak lactation, mammary glands require an
additional 70 g glucose/day for synthesis of lactose, the main sugar in milk (Institute of
Medicine 2006).” (Hardy, Karen et al.). Rebecca’s Note: The link between maternal gestational
ketonemia and a reduced IQ in their offspring was observed among women with pregestational
and gestational diabetes who may experience high levels of ketones when their diabetes is
poorly regulated. Whether this correlation would still be observed among non-diabetic women
consuming a ketogenic diet is not known. The metabolic status of the diabetic women in the
study was considered nearly normal or just moderately impaired so that ketone levels did not
rise to a point of diabetic ketoacidosis…
“This study describes the relation between the mother’s antepartum metabolic status and the
intellectual growth of her offspring…We found significant correlations between the lipid
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metabolism of the mother in the third trimester and the child’s intelligence at two and at three
to five years of age. The children’s mental development index scores at the age of two years
were negatively correlated with third-trimester maternal plasma B-hydroxybutyrate values, and
the children’s average Stanford-Binet scores at three to five years of age were negatively
correlated with third-trimester maternal plasma B-hydroxybutyrate and free fatty acid values.
In each case, poorer metabolic regulation in the mother was attended by her child’s poorer
performance on standard IQ tests. It should be emphasized that the correlations were
established within groups of pregnant women whose metabolic status and obstetrical course
ranged from nearly normal to moderately impaired. Acetonuria was infrequent, and although
hypoglycemia occurred approximately once weekly in women with insulin dependent diabetes
mellitus, only seven cases required medical treatment…The associations between ketonemia in
mothers with diabetes during pregnancy and lower IQ in their children speak for the need for
continued efforts to avoid ketoacidosis and accelerated starvation in all pregnant women.”
(Rizzo, T et al. 1991).
“Unlike in the adult brain where ketones are an alternative fuel when glucose is not sufficiently
available, in the neonate, ketones are an essential brain fuel because glucose alone cannot
meet the developing brain's energy needs (Adam et al., 1975, Robinson and Williamson, 1980
and Cremer, 1982). Ketone body uptake by the brain is four to five times faster in newborns
and older infants compared with adults, so the developing brain appears equipped to exploit
ketones in proportion to its higher energy needs. The lower dependence on ketones of the
adult compared with the infant brain implies that the former is a vestige of the latter; ketones
became optional for the adult brain but remained essential fuels for the infant brain.
Ketones are also the main source of carbon to make cholesterol and some long chain fatty acids
(palmitic, stearic, oleic acids) that are important structural lipids in the developing brain. These
lipids constitute about 45–50% of the solid matter of the human brain and are crucial
components of neuronal membranes. Interruption of brain cholesterol synthesis has
catastrophic consequences for brain development in all mammalian species. The majority of
brain cholesterol is made within the brain itself from carbon supplied mostly from ketones
(Edmond, 1974, Jurevics and Morell, 1995 and Cunnane et al., 1999). Hence, whether
cholesterol or saturated fatty acids are high or low in the diet has no bearing on their uptake by
the brain; the brain can only meet its needs for these important lipids by endogenous synthesis,
in large measure from carbon provided by ketones.
Mammalian milk contains short- and medium-chain fatty acids (4–14 carbons in length), which
are particularly ketogenic, i.e., they are the best ketone precursors. These ketogenic fatty acids
represent up to 23% of all fatty acids in ruminant milk while in human milk they account for
about 15–17%(Sarda et al., 1987). An important feature of ketone production in the
mammalian neonate is that, once in the gut, absorption of short and medium-chain fatty acids
in milk follows a different path from that of long chain fatty acids (see Changes in other organ
systems facilitated brain evolution, below). During lactation, the brains of most neonatal
mammals probably use ketones to some extent. Once lactation ceases in mammals other than
humans, there is no longer an incoming supply of these ketogenic medium chain fatty acids
found in milk. In contrast, with their stores of body fat that accumulate some medium chain
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fatty acids, human infants have access to ketones well beyond weaning. Because there is so
little body fat in other mammalian neonates, there is also almost no reserve of long chain fatty
acids to make ketones, even during starvation.
The ability of the adult brain to switch to ketones to replace glucose is not unique to humans
but seems to be much better developed in humans than in other omnivorous mammals
(Robinson and Williamson, 1980). Adult carnivores like dogs achieve negligible ketogenesis
during fasting but also have smaller brains and markedly lower brain energy needs. Hibernating
mammals like bears are believed to meet their brain energy requirements from fat breakdown,
which liberates sufficient glycerol to compliment/replace glucose without the need to produce
large amounts of ketones. The brain is also proportionally smaller in other animals than in
humans so meeting its energy requirement is therefore less dependent on an alternative to
glucose (Robinson and Williamson, 1980).” (Cunnane & Crawford, 2014).
“Not well known, however, is the metabolism of the human newborn, which is essentially
ketotic. Blood glucose levels fall strikingly in the neonate, and concentrations of βOHB may rise
to 2–3 mM. The newborn human brain consumes 60%–70% of total metabolism at birth, nearly
half via β-hydroxybutyrate. Fitting in with this pattern is maternal colostrum. It contains much
triglyceride and protein, but little lactose, starting man's entry into society on an Atkins diet
(Figure 6)! Lactose gradually increases during the first two to three days of lactation (46), during
which time ketosis disappears. Also, humans are born a few months premature compared with
our primate cousins. And, again, we are the only primate born fat, probably to furnish the
caloric bank for our big brains. We are also the only primate with significant neonatal brain
injury (20) due to extreme sensitivity to hypoxia/ischemia (78). Again, this is a penalty for
having a big brain!” (Cahill, 2006).
“Of the fatty acids in newborn body fat, greater than 90% are saturated or monounsaturated.
Correspondingly, there are very low amounts of the two primary dietary polyunsaturated fatty
acids, the omega-6 fatty acid, linoleic acid, and the omega-3 fatty acid, alpha-linolenic acid
(Hirsch et al., 1960 and Sarda et al., 1987). Linoleic and alpha-linolenic acids are typically found
at a total of 10–15% in adult body fat, an amount corresponding to their consumption from
vegetable oils in the diet. (iv) Compared with adults, baby fat contains three to four times more
arachidonic acid and docosahexaenoic acid (DHA; 22:6ω3), both of which are extremely
important for brain development(Farquharson et al., 1992). Neither arachidonic acid nor DHA
are very easily beta-oxidized to CO2, i.e., they are much less important as fuels than palmitate,
stearate, oleate or linoleate. In contrast, of all the long chain fatty acids, arachidonic acid and
DHA are the most easily released from adipose tissue stores (Raclot and Groscolas, 1993).
Arachidonic acid and DHA are stored in infant body fat strictly as a reserve for structural
purposes, especially in the developing brain, rather than as fuels (see Baby fat: The brain's DHA
and fuel reserve, below). Thus fetal body fat is different in composition and serves a function
that differs somewhat from adult fat…The importance of short- and medium-chain fatty acids
during lactation is that, as the main precursors to ketones, they complement glucose in helping
newborn mammals become autonomous, thereby increasing their chances of survival. To a
greater extent than in other mammals and despite the intake of ketogenic fatty acids, the
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human neonate is still heavily dependent on the mother after weaning because the brain is not
sufficiently developed. Also unlike other mammals, the human neonate has its own fat stores
containing 8–10% short- and medium-chain fatty acids (Sarda et al., 1987), which prolong
ketogenesis well beyond weaning. Therefore, not only does the storage of medium chain fatty
acids in infant fat extend ketogenesis but the biochemical process involved in oxidizing fatty
acids to make ketones is easier for medium-chain than long-chain fatty acids. Hence, a
combination of evolving subcutaneous fat in the human fetus and neonate with simpler
absorption and oxidation of ketogenic fatty acids were key elements in permitting ketogenesis
from stored medium chain fatty acids to be extended beyond weaning. These processes were
key components in breaking through the energetic constraint on brain expansion.”(Cunnane &
Crawford, 2014).
“The increasing use of the ketogenic diet (KD), particularly by women of child-bearing age,
raises a question about its suitability during gestation. To date, no studies have thoroughly
investigated the direct implications of a gestational ketogenic diet on embryonic
development…[In mice]…A ketogenic diet during gestation results in alterations in embryonic
organ growth. Such alterations may be associated with organ dysfunction and potentially
behavioral changes in postnatal life.” (Sussman et al. 2013).
“The Ketogenic Diet (KD) is a high fat, low carbohydrate, adequate protein diet, which has been
gaining support as a lifestyle diet for weight maintenance [1] and body-building purposes in
healthy adults [2]…Its increased and prolonged use by adults, and specifically women, raises a
question about its safety as a gestational diet. Gestational diets determine maternal nutrition,
which is transmitted to the fetus through the placenta [3, 4]…Previous studies of gestational
ketosis focused on ketosis as resulting from maternal malnutrition, prolonged fasting, or
diabetes. These, however, are different than the stable ketosis that results from consumption
of a ketogenic diet (KD) that is of adequate energy and nutrients.” (Sussman et al. 2013).
“Since maternal ketones easily cross the placenta [29, 30], they should be similarly utilized by
the fetus to satisfy its energy requirement during development [27, 28]. If that were indeed the
case, then one could naively predict that during a stable, prolonged maternal ketosis, fetal
growth would be unaltered, and remain equivalent to that during maternal glycolysis. This,
however, neglects to consider the inherent differences between glycolysis and ketosis. While
ketones can satisfy energetic requirements, their efficiency as a metabolic fuel is different than
that of glucose. In fact, ketones’ efficiency, as measured by oxygen consumption, has been
shown to be 25% greater than that of glucose, indicating a significantly greater energy
production during ATP hydrolysis [31, 32, 33]. Such increased efficiency may then be
counteracted by the inhibitory effect of ketones on de novo pyrimidine synthesis [i.e. for DNA
synthesis], which can slow the rate of cellular growth, as shown in Koehler et al’s in vitro
studies (described in [24])…Different effects of KD on organ growth may be explained by organspecific preference for a particular metabolic fuel. Under non-ketotic conditions, the fetal
myocardium has been shown to prefer fatty acids, glucose and lactate over ketones as its major
energy substrates [34, 35]…Yet, even independently of maternal ketosis, the developing mouse
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brain and spinal cord appear to preferentially utilize ketone bodies as an energy source, and as
precursors of amino-acid and lipid synthesis [38, 39].” (Sussman et al. 2013).
“To elucidate some of the possible consequences of maternal KD consumption to fetal growth,
we imaged mouse embryos whose mothers were either on a Standard Diet (SD) or a Ketogenic
Diet (KD) during gestation. Our data from the SD embryos were compared with currently
available literature on the adult mouse, and reveals a dramatic change in organ-to-body ratio
between E13.5, E17.5, and adulthood. A comparison between the SD and KD embryos further
indicate marked alterations in overall embryonic growth, as measured by embryo volume and
organ percentage volume, as well as differences revealed by deformation analysis within
organs; the brain, spinal cord, pharynx, heart, thymus, and liver. These growth changes may be
a result of embryonic and organ energy substrate preference, which are modulated by their
concentration in maternal circulation, as well as their transport across the placenta at the
various gestational time-points. The drastic drop in maternal blood glucose along with the
increase in blood ketone towards the end of gestation suggest ketones were the primary
energy substrate available for the developing fetus during its rapid growth phase.” (Sussman et
al. 2013).
“During gestation, since the embryo’s capability to carry out ketogenesis is very limited, it relies
on ketone supply from maternal circulation…other studies that reported an increase in ketone
utilization enzymes within the brain during the second half of gestation [6]. This increase in
ketone utilization enzymes was speculated to facilitate lipid and myelin (white-matter)
synthesis [11], implying greater availability would be favourable for the developing brain. A
similar conclusion could be drawn from studies linking ketones and cerebral protein synthesis
[11, 12]. Yet, while ketones may be important metabolic substrates, an excessive supply to fetal
brain can also damage nucleotide bio-synthesis, impairing nucleic acid production and brain
growth [13]…The exact effects of a maternal, gestational KD have not been thoroughly
investigated. Thus far, it is known that ketones are natural by-products of fat metabolism [44],
and can serve as metabolic fuels in lieu of glucose [12, 45, 46]. Yet, their yield during ATP
hydrolysis is greater than that of glucose [4, 5, 47], suggesting ketosis provides a greater
amount of energy compared with glycolysis. While the greater energy availability may promote
cellular growth, it may be counteracted by ketones’ inhibition of pyrimidine synthesis [45],
alteration of cerebral nucleotide bio-synthesis and of cerebral amino acid metabolism [13, 48].
The overall effect of ketones on the developing brain, would then depend on the balance
between these various factors…The average fostered KD pup exhibited retarded weight gain
during the first 3 weeks postnatally, compared with the average fostered SD pup. Finally,
assessment of brain structure revealed several major structural differences at both P11.5 and
P21.5. The KD brain had a bilateral relative decrease in the cortex, hippocampus, corpus
callosum, fimbria, and lateral ventricles, but a relative enlargement in volume in the
hypothalamus and medulla.” (Sussman, Ellegood, & Henkelman, 2013).
“To the best of our knowledge, no study has thoroughly investigated the neuroanatomical
along with the behavioral effects of prenatal exposure to a KD…In our previous studies we
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started investigating the physiological consequences of a gestational KD on the offspring in
mice (Sussman et al. 2013a,b). Those studies focused on the embryonic and neonatal periods
and revealed embryonic growth retardation, and alterations in brain structure just prior to
parturition, and also in early postnatal life…Overall, the volumetric alterations to brain
morphology do imply that a prenatal KD programs subsequent brain development in a way that
modifies neurogenesis in multiple brain regions, some of which may underlie the behavioral
alterations exhibited by the adult KD mice…
Our study shows that prenatal exposure to a ketogenic diet results in gross differences in brain
anatomy as well as behavioral alterations, which include reduced susceptibility to anxiety and
depression, and elevated hyperactivity in the adult mouse offspring…Since the mouse and
human share high genetic homology, the effects we are seeing on the mouse offspring could be
indicative of similar effects human offspring may exhibit if exposed to a KD prenatally. As such,
it is important to educate women about the potential effects of a gestational KD to their
offspring. To reveal the exact effects on human offspring, human studies need to be conducted.
However, human studies will be far more difficult to analyze, due to the high genetic
heterogeneity and the vastly more complex environmental factors within human populations.
While our study is the first to reveal behavioral and morphological changes in the KD offspring,
there may still be additional behavioral alterations, such as changes in learning and memory,
and altered susceptibility to neuro-degenerative disease in older offspring.” (Sussman,
Germann, & Henkelman).
Stunted Growth in Children put on Ketogenic Diets for Epilepsy—
“This is a prospective cohort study of 237 children (130 males, 107 females) placed on the
ketogenic diet for control of intractable epilepsy (mean age at starting diet 3 years 8 months;
age range 2 months to 9 years 10 months); average length of follow-up was 308 days. There
were 133 children on the diet at 1 year and 76 at 2 years. Height and weight measurements
were converted into age- and sex-appropriate z scores. There was a rapid drop in weight z
scores in the first 3 months. After this initial period, the weight z score remained constant in
children who started the diet below the median weight for their age and sex, although z scores
continued to decrease in children starting above the median. There was a small decrease in
height z scores in the first 6 months (<0.5); however, there were larger changes by 2 years.
There was no difference based on sex for either height or weight. The ketogenic diet generally
provides sufficient nutrition to maintain growth within normal parameters over a defined
period. Very young children grow poorly on the diet and should be followed-up carefully over
long periods of use…Designed to mimic fasting by producing sustained ketosis, the diet provides
90% of caloric intake as fats, with adequate protein and minimal amounts of carbohydrates.”
(Vining et al.).

Low Carbohydrate Diets’ Effects on Bone Health—
“A recent controlled study evaluated a 20-g carbohydrate/d diet for its effects on bone
turnover over a 3-mo period (89). In that study, bone turnover markers in subjects who
followed the diet did not increase compared with controls at any time.” (Westman et al. 2007).
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“It has been suggested that low-CHO diets may impact negatively on bone health because of
promotion of urinary calcium loss. This may be of importance to women and the elderly as they
are prone to developing low bone mineral density and osteoporosis. Low-CHO diets generate
acidosis (because of the presence of ketone bodies in blood), which promotes calcium
mobilization from bone to buffer blood and maintain a neutral pH, finally leading to an increase
of urinary calcium (Table 3). This may be explained by the fact that blood acidification is known
to increase glomerular filtration rate and decrease renal tubular re-absorption of calcium with a
concomitant increase in activity of osteoclasts and inhibition of osteoblasts, further increasing
bone resorption. In this respect, a recent study confirmed that consumption of a low-CHO diet
leads to an increase in urinary calcium loss without an increase in compensating intestinal
calcium absorption and a decrease in markers for bone formation (49).” (Adam-Perrot et al.).
“It has been suggested that the ketoacidosis generated by low-carbohydrate/high-protein diets
results in hypercalciuria [1]. This occurs because of the renal response that consists of net acid
secretion to compensate for the dietary acid challenge. In turn, the skeleton supplies serum
buffer by active resorption of bone, thereby leading to hypercalciuria and an adverse effect on
bone quality.” (Carter, Vasey, & Valeriano).
“We designed this study as a pilot trial to establish proof of principle that a strict lowcarbohydrate diet will lead to increased bone turnover in adult humans. This trial consisted of
15 patients who followed such a diet for 3 months, with 15 matched controls. All of the patients
were monitored for diet compliance and were followed with bone turnover markers at
baseline, 1 month, and 3 months…This study was powered to detect a substantial increase in
bone resorption from a low-carbohydrate diet, but a more modest effect cannot be ruled out.
Not only was there no significant effect on bone resorption (UNTx), but there was also no
apparent effect on bone formation (BSAP) or alterations in overall bone turnover (BSAP/UNTx)
in patients who followed a strict low-carbohydrate diet. The study subjects also were very good
at diet compliance as evidenced by their subjective evaluation and objective measures such as
weight loss and urinary ketones. This was a “real-world” study in that the dieters followed
guidelines very similar to the Atkins diet, and the controls followed a normal American diet
without restrictions.” (Carter, Vasey, & Valeriano).
“Animal data exist suggesting that low-carbohydrate diets can lead to poor bone quality [1, 2, 4,
6, 9–11]. The pathophysiologic mechanism is thought to result from poor gastrointestinal
calcium absorption [8, 15], ketoacidosis that leads to increased osteoclast activity [1, 2, 7, 8],
and poor bone mineralization from abnormal bone formation [6, 9–11]. Diets high in omega-6
fatty acids and low in omega-3 fatty acids could have deleterious effects on bone quality
[12]…However, our data suggest that a low-carbohydrate diet actually has no effect on bone
turnover in humans.” (Carter, Vasey & Valeriano).
“Children treated with ketogenic diet (very high fat and low carbohydrate diet) showed a poor
bone mineral status [2]. In animal models (rat), a western-style diet, i.e. high fat content, will
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result in low bone mass (lower bone mineral content) and poor bone quality [3]. Diets with high
saturated fat content have an adverse effect on bone mineralization in growing animals [4].
Diets high in fat decrease whole bone mineralization [5]. ” (Lac et al.).
Individuals consuming a low carbohydrate diet for several months were found to have elevated
blood homocysteine which may increase risk of cardiovascular disease, although further studies
are needed to confirm this, and to determine how this may increase CVD risk in the context of
the changes in blood lipids that occur with a low carb diet..—
“However, data from longer-term studies are clearly required as recently an increased plasma
homocysteine level (+6.6%) was observed in individuals that follow strictly a low-CHO diet for
several months (15). In contrast, a low-fat diet induced a decrease of plasma homocysteine by 6.8%. This may be an important observation as the relationship between total plasma
homocysteine and CVD is dose dependent and independent of other risk factors. In humans,
the effects of homocysteine on endothelial and vascular function and blood coagulation
provide explanations for increased CVD risk (46–48). The impact of these observations for
people that follow low-CHO diets remains unknown at present. The mechanism of the observed
increase in homocysteine is unknown as well. On the one hand blood lipid profiles generally
improve in people that are on a low-CHO diet and any increase in CVD risks because of
homocysteinemia may be counteracted.” (Adam-Perrot et al.).
“The other cardiovascular risk factor which worsened on VLCARB was plasma homocysteine
which increased by 6.6% despite no differences in plasma folate. This small increase in
homocysteine may or may not have clinical significance as homocysteine levels after the
VLCARB diet were low at 7.76 umol/L, which are below values that are indicative of higher risk
for cardiovascular disease. Hyperhomocysteinemia was found to be an independent risk factor
for cardiovascular disease in a prospective study of plasma homocysteine and risk of myocardial
infarction in US physicians [43] although in men free of coronary disease high circulating
homocysteine concentrations were not a risk factor for acute coronary events.” (Noakes et al.
2006).

Potential Therapeutic Applications—
“Insulin resistance is reduced with an LCKD, possibly by a reduction in the availability of dietary
glucose, which causes hyperinsulinemia (44, 45).” (Westman et al. 2007).
“In controlled trials for weight loss, the LCD leads to weight loss and improvements in fasting
triacylglycerols, HDL cholesterol, and the ratio of total to HDL cholesterol over a 6–12-mo
period.” (Westman et al. 2007).
Very Low-Carbohydrate Ketogenic Diets & Weight Loss—
“Here we can summarize (listed in order of importance and available evidence) that the weightloss effect of VLCKD seems to be caused by several factors:
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1) Reduction in appetite due to higher satiety effect of proteins,effects on appetite control
hormones and to a possible direct appetite-suppressant action of the KBs.
2) Reduction in lipogenesis and increased lipolysis.
3) Reduction in the resting respiratory quotient and, therefore, greater metabolic efficiency in
consuming fats.
4) Increased metabolic costs of gluconeogenesis and the thermic effect of proteins.
(Paoli, Rubini, Volek, & Grimaldi 2013).
“No longer regarded with suspicion, the ketogenic diet has gained increasing respect in the
medical profession as a useful treatment for children with intractable epilepsy (1,15).” (Mady et
al.).
“Although the mechanisms of action are not clear, the ketogenic diet is now considered an
established part of an integrative approach, along with drug therapy, in the major epilepsy
centers worldwide, an important benefit being the reduction of drug use and concomitant
reductions in severe side effects often associated with anti-epileptic agents. The effectiveness
of ketogenic diets is strongly supported in a recent Cochrane review where all studies showed a
30–40% reduction in seizures compared with comparative controls, and the review authors
reported that in children the effects were ‘comparable to modern antiepileptic drugs’. The main
drawback with the ketogenic diet was difficult tolerability and high dropout rates…” (Paoli,
Rubini, Volek, & Grimaldi, 2013).
“Reviews on ketone body metabolism [37–42] have emphasized their role as efficient fuels, and
their therapeutic potential in a variety of clinical states including: (1) diseases of substrate
insufficiency or insulin resistance, (2) diseases resulting from free radical damage and (3)
diseases resulting from hypoxia [43,44]. Ketone bodies have evolved as important fuel sources
and are about 25% more efficient at producing ATP than glucose or fatty acid [45].” (Volek et al.
2008).
“Essentially, any cell challenged by low oxygen availability or by a toxin interfering with
mitochondrial function should benefit by utilizing β-hydroxybutyrate in preference to any other
substrate, including glucose, lactate, pyruvate, or fatty acids. In a very simple experiment, mice
given β-hydroxybutyrate exposed to 4% oxygen survived longer (37, 72). Likewise, neurons in
models of Alzheimer's and Parkinson's disease survive better with β-hydroxybutyrate in the
system (36). Recent studies have shown that rats fatigued on an exercise wheel perform better
after βOHB addition to the diet and, more interestingly, subsequently are able to improve in
psychological tests (R.L. Veech and K. Clarke, personal communication).
This brings up a number of possibilities for its potential therapeutic uses. Ketosis, as described
above, has a major role in drug-resistant epilepsy, and the ketogenic diet, though effective, is
unpalatable and has some metabolic adversities. If it takes 125–150 grams/day of βOHB to
bring an adult to 5 mM, 75 grams or so is required for a child. If given as the sodium salt, it
causes metabolic alkalosis. However, infants with hereditary deficiencies in fat metabolism
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given much smaller amounts appear to tolerate the excess alkali, and most importantly, may
have a dramatic reversal of their nervous system problems and, in some (75), improvement of
cardiac function. But if βOHB increases the capacity of oxygen-deprived or otherwise ATPdeficient states as in mitochondrial deficiencies, hereditary or acquired, it could have numerous
applications. A significant clinical improvement has been shown in patients with Parkinson's
disease placed on a severely carbohydrate-deficient diet (76, 77).” (Cahill, 2006).
In spite of increased gluconeogenesis from amino acids, ketogenic diets appear to be protective
of muscle tissue, and promote, and even in some cases increase, the preservation of lean body
mass.
“Potential advantages of the LC diet include increased protein sparing, greater lipolysis, and
increased palatability. There is evidence that circulating ketones promote nitrogen sparing, thus
maintaining lean body mass…Volek et al demonstrated decrease in adiposity with maintenance
of lean body mass on a meal plan that was 8% carbohydrate. ” (Sondike, Copperman, &
Jacobson).
“Volek et al [23] observed an increase in lean mass in a small study in normal weight men on a
VLCARB in energy balance but a subsequent study by the same author in overweight subjects
using VLCARB in energy restriction showed no greater lean mass preservation [24].” (Noakes et
al. 2006).
“Gluconeogenesis refers to the production of glucose from amino acids (“glucogenic amino
acids”), glycerol, and lactate when glucose is in demand but dietary sources are limited. For
example, during prolonged fasting or during an LCKD there is a reduction in glucose supply,
which initiates compensatory gluconeogenic mechanisms to sustain glucose-dependent tissue.
However, unlike prolonged fasting, during which endogenous glucogenic amino acids (muscle)
are used for glucose production, the source of glycogenic amino acids on an LCKD is dietary
protein. As minimal protein supplementation (1 to 1.5 g of protein/kg/d) is necessary to attain
nitrogen balance during prolonged fasting, protein intake at this level associated with the LCKD
may sustain positive nitrogen balance and preserve muscle mass.” (Westman, E.C.,
Mavropoulos, J., Yancy, W.S., & Volek, J.S. 2003).
A Low Carbohydrate Diet supplying sufficient amounts of protein may not result in loss of
muscle mass, in spite of an increased use of amino acids for glucose production by the liver—
“Glucose-dependent tissues (ie, red blood cells, retina, lens, and renal medulla) receive glucose
through gluconeogenesis and glycogenolysis. (Even if no dietary carbohydrate is consumed, it is
estimated that 200 g glucose/d can be manufactured by the liver and kidney from dietary
protein and fat.) The metabolic state experienced by a person who is following an LCKD is often
compared with the condition of starvation. The main similarities in metabolism between LCDs
and starvation are that there is no (or little) intake of exogenous carbohydrate and that there is
a shift from the use of glucose as fuel toward the use of fatty acids and ketones as fuel. Under
conditions of starvation, endogenous sources (eg, muscle protein, glycogen, and fat stores) are
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used as energy supplies (10). However, under conditions of LCKD intake, exogenous sources of
protein and fat provide energy, along with endogenous glycogen and fat stores if caloric
expenditure exceeds caloric intake. Whereas the loss of lean body mass (LBM) is typical with
weight loss, under certain circumstances when sufficient dietary protein is provided, an LCKD
may preserve LBM even during hypoenergetic conditions of weight loss(11, 12). Under lowcarbohydrate conditions, unlike those of starvation, glucose concentrations are sustained
despite the lack of carbohydrate intake (13). The maintenance of glucose concentrations and
the lack of breakdown of endogenous protein are important differences between starvation
and very low carbohydrate intake.” (Westman et al., 2007).
“In respect to body composition, convincing evidence of the importance of macronutrient
composition was presented in a comprehensive meta-regression of 87 diet trials (10). The
authors concluded that diets lower in carbohydrate were associated with greater fat loss and
diets higher in protein resulted in better preservation of lean body mass during weight loss.
Furthermore, these effects were independent of energy intake and participation in
exercise…We have also examined the effects of very low-carbohydrate diets on body
composition in normal-weight men (19). Twelve healthy normal-weight men switched from
their habitual diet (48% carbohydrate) to a ketogenic diet (12% carbohydrate) for 6 weeks, and
8 men served as controls consuming their normal diet. Fat mass, assessed by dual energy x-ray
absorptiometry, was significantly decreased (-3.4 kg) and lean body mass significantly increased
(1.1 kg) after the ketogenic diet.” (Volek, Quann, & Forsythe 2010).
“Young et al. compared three diets containing the same amounts of calories (1,800 kcal/day)
and protein (115 g/day) but differing in carbohydrate content [3]. After nine weeks on the 30-g,
60-g and 104-g carbohydrate diets, weight loss was 16.2, 12.8 and 11.9 kg and fat accounted for
95, 84, and 75% of the weight loss, respectively. Importantly, underwater weighing was used to
determine body composition. Although these results should be interpreted cautiously given the
low number of subjects, this study strongly suggests that a VLCARB promotes fat loss while
preserving muscle mass, supporting the notion that "a calorie is not a calorie" [23, 24, 25].
Phinney et al. reported that subjects lost 0.7 kg in the first week of the eucaloric VLCARB, after
which their weight remained stable [15]. Thus, they observed a reduction in glycogen stores,
but excellent preservation of muscle protein.
More recently, Willi et al. examined the efficacy and metabolic impact of a VLCARB in the
treatment of morbidly obese adolescents [4]. Six adolescents weighing an average of 147.8 kg
consumed the VLCARB (25 g of carbohydrate/day) for 8 weeks. The results indicated that the
weight loss with VLCARB is rapid, consistent, and almost exclusively from body fat stores.
Changes in lean body mass, as estimated from DEXA and urinary creatinine, were not significant
over the term of treatment…In addition, ketone bodies exert a restraining influence on muscle
protein breakdown. If the muscle is plentifully supplied with other substrates for oxidation
(such as fatty acids and ketone bodies, in this case), then the oxidation of muscle proteinderived amino acids is suppressed. Nair et al. reported that beta-hydroxybutyrate (beta-OHB, a
major ketone body) decreases leucine oxidation and promotes protein synthesis in humans
[7]…
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A VLCARB is almost always relatively high in protein. There is evidence that high protein intake
increases protein synthesis by increasing systemic amino acid availability [21], which is a potent
stimulus of muscle protein synthesis [22]. During weight loss, higher protein intake reduces loss
of muscle mass and increases loss of body fat [9]. It has been proposed that the branched-chain
amino acid leucine interacts with the insulin signaling pathway to stimulate downstream
control of protein synthesis, resulting in maintenance of muscle mass during periods of
restricted energy intake [10]. A recent study by Harber et al. reported that a VLCARB/highprotein diet increases skeletal muscle protein synthesis despite a dramatic reduction in insulin
levels [8]…
Although more long-term studies are needed before a firm conclusion can be drawn, it appears,
from most literature studied, that a VLCARB is, if anything, protective against muscle protein
catabolism during energy restriction, provided that it contains adequate amounts of protein.”
(Manninen, A.H. 2006).
Very Low Carbohydrate Ketogenic Diets have displayed strong evidence of benefiting
individuals with type II diabetes—
“In a longer study obese T2D individuals were prescribed a well-formulated ketogenic diet for
56 weeks, and significant improvements in both weight loss and metabolic parameters were
seen at 12 weeks and continued throughout the 56 weeks as evidenced by improvements in
fasting circulating levels of glucose (−51%), total cholesterol (−29%), high-density lipoprotein–
cholesterol (63%), low-density lipoprotein–cholesterol (−33%) and triglycerides (−41%)…Other
studies support the long-term efficacy of ketogenic diets in managing complications of T2D.
Although significant reductions in fat mass often results when individuals restrict carbohydrate,
the improvements in glycaemic control, haemoglobin A1c and lipid markers, as well as reduced
use or withdrawal of insulin and other medications in many cases, occurs before significant
weight loss occurs…In summary, individuals with metabolic syndrome, insulin resistance and
T2D (all diseases of carbohydrate intolerance) are likely to see symptomatic as well as objective
improvements in biomarkers of disease risk if they follow a well-formulated very-lowcarbohydrate diet. Glucose control improves not only because there is less glucose coming in,
but also because systemic insulin sensitivity improves as well.” (Paoli, Rubini, Volek, & Grimaldi
2013).
Effect of Low Carbohydrate Diet on Blood Lipids and Cardiovascular Disease Risk—
“Several lines of evidence point to beneficial effects of VLCKD on cardiovascular risk factors. In
the past, there have been doubts expressed about their long-term safety and increased
effectiveness compared with ‘balanced’ diets, and clearly negative opinions regarding possible
deleterious effects on triglycerides and cholesterol levels in the blood. However, the majority of
recent studies seem instead to amply demonstrate that the reduction of carbohydrates to
levels that induce physiological ketosis (see above ‘What is ketosis?’ section) can actually lead
to significant benefits in blood lipid profiles. The VLCKD effect seems to be particularly marked
on the level of blood triglycerides, but there are also significant positive effects on total
cholesterol reduction and increases in high-density lipoprotein.Furthermore, VLCKD have been
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reported to increase the size and volume of low-density lipoprotein–cholesterol particles,
which is considered to reduce cardiovascular disease risk, as smaller low-density lipoprotein
particles have a higher atherogenicity. There are also direct diet-related effects on overall
endogenous cholesterol synthesis. A key enzyme in cholesterol biosynthesis is 3-hydroxy-3methylglutaryl–CoA reductase (the target for statins), which is activated by insulin, which
means that an increase in blood glucose and consequently of insulin levels will lead to increased
endogenous cholesterol synthesis. A reduction in dietary carbohydrate will have the opposite
effect and this, coupled with the additional inhibition by dietary cholesterol and fats on
endogenous synthesis, is likely to be the mechanism via which physiological ketosis can
improve lipid profiles. Hence, there are strong doubts about the negative effects of dietary fats
when they are consumed as part of a VLCKD, on cholesterol and triglycerides blood levels,
whereas there are strong pointers to the beneficial effects of VLCKD on these cardiovascular
risk parameters.” (Paoli, Rubini, Volek, & Grimaldi 2013).
“The popularity of diets that restrict carbohydrates has increased dramatically in recent years
despite review articles cautioning against their use (1–3). Because these diets are often high in
saturated fat and cholesterol, there is an understandable concern regarding potential risk for
cardiovascular disease (CVD),3 and this line of research has been a focus in our laboratory (4).
To shed light on how excessive carbohydrate restriction affects CVD risk independently of
weight loss, we initially studied isoenergetic very low-carbohydrate diets in normal-weight men
and women (5–8). In our first study, we demonstrated that a very low-carbohydrate diet rich in
monounsaturated fat and supplemented with (n-3) fatty acids significantly reduced fasting
triacylglycerols (TAG), postprandial lipemia, and fasting insulin in men (5). In a follow-up study
in a similar population, we reported similar improvements in fasting lipids, postprandial
lipemia, and insulin after consumption of a very low-carbohydrate diet that was unrestricted in
the type of fat and not supplemented with (n-3) fatty acids (6,7). Additionally, there was an
increase in peak LDL particle size in subjects who started with a predominance of small LDL
particles (6). Most recently, we also showed that a very low-carbohydrate diet significantly
increases HDL cholesterol (HDL-C) and significantly decreases TAG and postprandial lipemia in
normal-weight women (8).” (Sharman, Gomez, Kraemer, & Volek, 2004).
“In the present study, we investigated separately the effects of moderate reductions in
carbohydrate intake and body weight on the components of atherogenic dyslipidemia in
moderately overweight and mildly obese but otherwise healthy middle-aged men. As has been
shown for diets with more extreme reductions in carbohydrate, placing men on a diet with 26%
carbohydrate resulted in reductions in plasma triacylglycerol concentrations, consistent with
the known effects of carbohydrate intake on the metabolism of triacylglycerol-rich lipoproteins
(4). Lower carbohydrate intakes have also been shown to be associated with reduced plasma
apo B concentrations and a reduced ratio of total cholesterol to HDL…
We showed a linear relation of carbohydrate intake to the prevalence of LDL pattern B between
the diets (Figure 2⇑), including 2 with similar fat contents (54% and 39%) and 2 with similar
protein contents (39% and 26%). Hence, it is most likely that a reduction in carbohydrate intake
was the primary dietary determinant of changes in pattern B expression…
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There was a reduction in LDL cholesterol with the 26%-carbohydrate, low-saturated-fat diet,
although the differences compared with the higher-carbohydrate diets were of borderline
statistical significance. Examination of changes in LDL subfraction distribution, however,
showed that the low-carbohydrate diet resulted in significantly lower concentrations of small,
dense LDL. Moreover, the reductions were significantly correlated with reduced plasma
triacylglycerol concentrations, consistent with the pathways connecting triacylglycerol-rich
lipoproteins to the production of small, dense LDL (21).
Analysis of LDL subfractions also helps to clarify the differing effects on LDL cholesterol of lowcarbohydrate diets with higher compared with lower contents of saturated fatty acids.
Although the reductions in small, dense LDL with the 2 diets were similar, the higher saturated
fat diet produced a somewhat larger offsetting increase in large buoyant LDL (Table 3⇑), which
resulted in a smaller net change in total LDL cholesterol. Although the difference in the
response of large LDL between the 2 diets was not significant, the results are consistent with
previous evidence that saturated fat intake results in an increase of larger LDL rather than
smaller LDL particles (22) that may result from selective changes in both production and
clearance of larger LDL (23).
Concentrations of apo B, a measure of total atherogenic particle concentrations, as well as
total:HDL cholesterol, an integrated measure of CVD risk, decreased similarly with both the
higher- and lower-saturated-fat diets. Moreover, the changes in LDL cholesterol observed here
for both the lower- and higher-saturated-fat diets (−11 and 1 mg/dL, respectively) were
considerably more beneficial than were those predicted on the basis of studies that used diets
with a more conventional macronutrient composition (−1 and 9 mg/dL, respectively) (24)…
The interaction of carbohydrate intake and weight loss is also reflected in their relations to the
expression of LDL subclass pattern B, a phenotype that has been associated with increased CVD
risk (21, 27-29).
Concerns with carbohydrate restriction include the potential for inadequate intake of certain
beneficial dietary components, such as fiber and some vitamins, and the possibility of
diminished effectiveness over time. However, with moderate carbohydrate limitation, such as
the 26%-carbohydrate, low-saturated-fat diet studied in the present study, it is possible to meet
the Recommended Dietary Allowances for all essential nutrients and to maintain adequate fiber
intake with appropriate supplementation.” (Krauss et al. 2006).
“This study provides a surprising challenge to prevailing dietary practice. The current standards
for healthy eating include reducing total fat intake to less than 30% of total calories and
decreasing saturated fat intake to less than 10%. This recommendation is based on a large body
of primarily epidemiological data and is intended to lower plasma cholesterol (23), but has been
extended by some experts as a means to decrease the risk of obesity. However, the subjects on
the very low carbohydrate diet experienced significantly more weight loss than the low fat
group and maintained comparable levels of plasma lipids and other cardiovascular risk factors
while consuming more than 50% of their calories as fat and 20% as saturated fat. These data
indicate that the role of macronutrient distribution in individuals who are on weight loss diets
needs to be further investigated. In particular, it seems likely that in the short term, a decrease
in total caloric intake with accompanying weight loss has a greater impact on nutritionally
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sensitive parameters such as plasma lipids than do the macronutrient constituents of the diet.”
(Brehm et al. 2013).
“Because of its effect on insulin, carbohydrate restriction is one of the obvious dietary choices
for weight reduction and diabetes. Such interventions generally lead to higher levels of dietary
fat than official recommendations and have long been criticized because of potential effects on
cardiovascular risk although many literature reports have shown that they are actually
protective even in the absence of weight loss. A recent report of Krauss et al. (AJCN, 2006)
separates the effects of weight loss and carbohydrate restriction. They clearly confirm that
carbohydrate restriction leads to an improvement in atherogenic lipid states in the absence of
weight loss or in the presence of higher saturated fat. In distinction, low fat diets seem to
require weight loss for effective improvement in atherogenic dyslipidemia.” (Feinman & Volek
2006).
“The recent report of Krauss et al. [1] highlights the rather dramatic differences in the effects of
carbohydrate restricted (CR) and low fat (LF) diets on the lipid changes that may predispose to
atherosclerosis. By first implementing weight maintenance diets of different compositions
followed by calorie reduction, the authors show that significant improvement in atherogenic
lipid states (lower TAG, higher HDL, lower apoB/apoA-1) can be brought about by CR even in
the absence of weight loss or in the presence of higher saturated fat. When weight loss was
further implemented in the CR groups, there was little further improvement in most markers
although HDL continued to increase on calorie reduction. The LF diet, in distinction, required
weight loss for effective improvement in the lipid profile, and the additive outcome of diet
change and calorie reduction were not as effective as in the CR diets…Compared to weight loss
on a LF diet, the high saturated fat CR diet with no weight loss resulted in better improvements
in LDL peak size, TAG, HDL, and the ratios total cholesterol/HDL and apoB/ApoA-1, that is, the
effects are not equivalent; CR is significantly better than weight loss in the presence of LF for
atherogenic dyslipidemia.” (Feinman & Volek 2006).
“Individuals who follow low-CHO, high-fat diets have a significant reduction in their fasting
triacylglycerol and postprandial lipaemia (Table 2). Such a reduction in fasting triacylglycerol
has been observed independent of the fat composition of the diet but seems to be more
pronounced with a polyunsaturated fatty acids (PUFA) rich diet (29,30). This observation is
important because elevated triacylglycerol levels are a risk factor for cardiovascular disease
(CVD).
It may be speculated that reductions in plasma triacylglycerol are the result of a combination of
a reduced very- low-density lipoprotein (VLDL) production rate (Fig. 1) and an increase in
triacylglycerol removal from blood. Noteworthy is the observation that no significant increase
in total cholesterol and low-density lipoprotein-cholesterol (LDL-C) was observed, despite an
increase of cholesterol intake when subjects switched to the low-CHO diet (Table 2).
A low insulin level activates HMG-CoA-lyase (enzyme of ketone bodies synthesis) and inhibits
HMG-CoA reductase (enzyme of cholesterol synthesis in the liver), which may provoke a
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decrease or a stabilization of the blood cholesterol and the LDL-C despite high cholesterol
consumption with a low-CHO diet.” (Adam-Perrot et al.).
“Short-term studies suggest that low-CHO diets do not negatively impact on CVD risk profiles as
they have been shown to help reduce fasting insulin and glucose levels, improve blood pressure
and lipid disorders that are characteristic of atherogenic dyslipidaemia by favouring an increase
of LDL size, an increase of high-density lipoprotein-cholesterol (HDL-C) levels and a decrease of
plasma triacylglycerol(Table 3).” (Adam-Perrot et al.).
In adolescents, same pattern of response to a ketogenic diet—lowering triglycerides and raising
HDL, both thought to be beneficial. A low carb ketogenic diet does not significantly (if at all)
lower LDL-C. Therefore, those with high LDL-C may not benefit from this diet as much as a low
fat diet, although weight loss in general has been shown to lower LDL-C:
“Previous studies show that increasing dietary fat and cholesterol worsens the serum lipid
profile and increases cardiovascular risk in adolescents in a mixed diet; this was not observed in
any of our participants. Furthermore, although standard LF diets have been shown to reduce
serum HDL levels, the LC diet was associated with an increase in serum HDL. Also, although
serum TG levels were reduced in both groups, reductions were greater in the LC group.
We recognize that the LDL-C improved from baseline in the LF group, whereas it did not
improve in the LC group. The non–energy-restricted LC diet may not be appropriate for
individuals whose primary pathology is an elevated LDL- C, such as those with heterozygous or
homozygous familial hypercholesteremia; for those adolescents, we continue to recommend
the National Cholesterol Education Program (NCEP) step 1 and step 2 diets. However, for those
in whom obesity is the chief complaint and who have either normal lipid profiles or lipid profiles
with abnormalities primarily regarding TG or HDL, such as those with familial combined
hyperlipidemia, this may be a diet plan with considerable advantages.” (Sondike, Copperman, &
Jacobson).
• A very low carbohydrate ketogenic diet lowers triglyceride levels, much more so than a low
fat diet. In general, the more carbohydrate that is substituted for fat in a diet, the greater the
increase of blood triglycerides.—
“One of the most dramatic results reported by Volek et al. [27] is the differential effect of
VLCKD vs. LFD on TG levels. The low-carbohydrate regimen reduced TG from an average at
baseline of 211 ± 58 mg/dL to 104 ± 44. The corresponding change in the LFD group was 187 ±
58 to 151 ± 38. This kind of decrease in plasma TG is a hallmark of the response to a reduction
in dietary carbohydrate and has been reported numerous times [61]. Well-controlled feeding
studies indicate that low-fat/high-carbohydrate diets increase TG concentrations unless there is
significant weight loss or increased physical activity [62,63]. The greater the amount of
carbohydrate that is substituted for fat, the greater the increase in TG [64]. The response is
sufficiently consistent that measurement of an increase in TG has been used as a biomarker of
compliance to a low-fat, high carbohydrate diet [65]. High carbohydrate diets also exacerbate
postprandial lipemia [66–68], whereas low- carbohydrate diets improve postprandial lipemia
with [69] or without [70,71] weight loss.” (Volek, J.S. et al.).
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“The most consistent and predictable lipid change with consumption of a VLCD is a reduction in
TAG. The most dramatic reductions are seen in those with moderate hypertriglyceridemia…Low-fat diets reduce TAG to a small extent during active weight loss, but
increase TAG when not associated with significant weight loss or combined with exercise (33).”
(Volek, Sharman, & Forsyhte 2005).
“The greater triacylglycerol reduction on VLCARB is in keeping with what is anticipated on
isocaloric lower carbohydrate patterns and also consistent with what has been observed in
longer term ad libitum studies when adjusted for weight loss [11, 13, 26, 30]. Low HDL-C and
hypertriglyceridemia have been shown to be independently related to the risk of myocardial
infarction [31, 33].” (Noakes et al. 2006).
• A very low carbohydrate diet significantly raises HDL-C (the good cholesterol), raising it to a
greater degree than other recommended lifestyle modifications such as aerobic exercise,
stopping smoking, etc. Women show the greatest increase in HDL-C on a low carbohydrate
diet.
“Because of its established role in reverse cholesterol transport as well as other antiatherogenic
properties (e.g., antioxidant, anti-inflammatory, and nitric oxide production) [87] high HDL-C is
of increasing clinical importance as a therapeutic target [88]. Lifestyle changes (e.g., aerobic
exercise, smoking cessation, reduction in alcohol consumption, weight loss and n 3 PUFA
supplementation) are universally recommended as the first approach to increase HDL-C [88–90]
but because the effects on HDL-C elevation are small (0–10%) there is an emphasis on
pharmacotherapy.
Volek et al. [61] summarized experiments comparing low-fat and low-carbohydrate diets and
showed that every one of 15 stud- ies reported greater increases in HDL-C on carbohydraterestricted diets compared to low-fat diets (average absolute difference 11%)…low-carbohydrate diets where, e.g., individuals recruited on the basis of low HDL-C [<40 (men) or >50
(women) mg/dL], showed a 13% increase in HDL-C (35.8 ± 6.9 to 40.4 ± 9.6 mg/dL) with 12 of 20
subjects showing a >10% increase in HDL-C [15]. An unexpected finding in this study was a
gender by diet effect, with women exhibiting a more pronounced increase in HDL-C on the lowcarbohydrate diet (17% women vs. 8% men). This is consistent with the striking in- crease in
HDL-C (33%) observed in response to a very low-carbohydrate diet in normolipidemic, normal
weight women [71]. Although the effect of carbohydrate restriction on HDL-C is not as
prominent as the TG-lowering effects, the consistency and magnitude of increase is superior to
other standard lifestyle modifications. In terms of CVD indicators, the ratio of TG/HDL-C is
considered one of the better indicators of risk. Because both components improve with
carbohydrate restriction, this ratio emphasizes benefits of such interventions.” (Volek, J.S. et al.
2008).
“Interestingly, the increase in HDL-C with consumption of the VLCD was proportionally larger
(+32%), thus lowering the total cholesterol/HDL-C ratio (22). The total cholesterol/HDL-C ratio
tends to improve with weight loss; the decrease with consumption of a low-fat diet is driven by
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a reduction in LDL-C, whereas with consumption of a VLCD, it is due to an increase in HDL-C.
The relative benefits of decreasing LDL over increasing HDL-C on mortality are debatable and
are influenced by diet-induced modifications of other “emerging” CVD risk factors (i.e., fasting
and postprandial TAG, LDL size distribution, LDL oxidation, and inflammatory markers).” (Volek,
Sharman, & Forsyhte 2005).
• While genetic factors affect the concentrations and size of LDL (bad or “lousy” cholesterol) in
the blood in response to dietary intake of protein, fat and carbohydrates, in general, replacing
carbohydrates with fat or protein results in larger, more buoyant LDL thought to be less
atherogenic (plaque causing) than small, dense LDL’s.
“Small, dense LDL particles are believed to be associated with greater atherogenic potential.
Krauss and coworkers have carried out comprehensive studies of this effect and have identified
a genetically influenced state, referred to as pattern B, characterized by a preponderance of
small LDL particles. People with this pattern, estimated to be 30% of the American population,
respond to low-fat diets by lowering LDL although the pattern B persists [92,93]. In distinction,
people with so-called pattern A, whose plasma is characterized by larger, more buoyant
particles, respond to fat reduction with a shift to the more atherogenic pattern B. While genetic
predisposition and particular mutations affect the response to diet, it appears that in most
cases, replacing carbohydrate with fat or protein leads to improvement in LDL size distribution
[94] and Krauss made the generalization that ‘‘carbohydrate rather than fat is a major dietary
determinant of expression or phenotype B in susceptible individuals”. It appears, in fact, that
almost everybody is susceptible and it is now clear that carbohydrate intake is strongly and
linearly related to the prevalence of pattern B [94]. In summary, improvements in LDL-C seen in
low-fat dietary interventions must be considered imprecise in the absence of information about
particle size.” (Volek, J.S. et al. 2008).
“A predominance of smaller LDL particles has greater atherogenic potential (35). Using a
nongradient PAGE procedure to separate LDL-C, we showed repeatedly that a VLCD shifts the
particle distribution to a larger size, resulting in significant increases in peak and mean LDL
diameter and decreases in the proportion of small, dense LDL particles (11,22,24). This effect is
most evident in men and women who start with a predominance of smaller LDL particles (i.e.,
pattern B). Other studies in patients with CVD and a high prevalence of metabolic syndrome
showed similar results using gradient gel electrophoresis (29) and NMR spectroscopy (15,30). A
VLCD also increases the distribution of larger HDL particles (15,30), which is believed to be the
cardioprotective fraction (36).” (Volek, Sharman, & Forsyhte 2005).
“Fasting TAG levels and enhanced postprandial lipemia are inversely related to peak LDL size
(33); thus we expected that the very low-carbohydrate diet would increase the distribution of
larger LDL particles, previously shown to occur in normal-weight men consuming a very lowcarbohydrate diet (6). Individuals with a predominance of small, dense LDL particles have been
classified as “pattern B,” whereas those with larger LDL particles are “pattern A.” Individuals
exhibiting higher levels of small dense LDL have a greater than threefold increased risk of CVD
(34,35). The majority of men were “pattern B” at the start of the study, which was expected
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because obesity is associated with the metabolic syndrome (10,11). Weight loss was shown to
increase LDL particle size in men with “pattern B” (36); however, in our study, more men with
“pattern B” had switched to “pattern A” after 6 wk of intake of a very low-carbohydrate diet
(75%) compared with a low-fat diet (42%). This dietary-induced change in particle size is
consistent with other work that has manipulated dietary fat and carbohydrate content (37–39)
and suggests that a relation may exist between the ratio of carbohydrate to fat in the diet and
LDL particle size.” (Sharman, Gomez, Kraemer, & Volek, 2004).
• However, note that low carbohydrate diets, especially those low enough in carbs to
stimulate ketogenesis, have been shown to lead to an increase in LDL, but with more large,
buoyant LDL rather than small, dense LDL thought to be most atherogenic.
“Reductions in total and LDL-cholesterol concentrations did not differ significantly by
group [low carb versus low carb ketogenic diet], but 9% of the variation in LDL cholesterol was
directly related to blood ketone concentrations, and several participants following the KLC diet
had marked increases in LDL cholesterol. In a recent trial, McAuley et al (3) also noted that LDL
cholesterol increased > 10% in 25% of subjects following an Atkins diet compared with 10% of
subjects who were following a nonketogenic LC diet. Hence, blood lipid concentrations should
be monitored in persons who are following ketogenic diets.” (Johnston et al. 2006).
“Consequently we observed an increase in LDL cholesterol on VLCARB compared to a reduction
on the two low saturated fat dietary patterns. This is in contrast to several previous studies [7,
13] who saw no increase in LDL cholesterol from baseline levels on VLCARB. This is most likely
due to the lowering effect of weight loss on LDL cholesterol attenuating the expected rise from
an increase in saturated fat intake. This effect of weight loss on LDL cholesterol has been
estimated to be a reduction of 0.02 mmol/L per kilogram weight loss [25] whereas the increase
in LDL cholesterol for every 1% energy increase in saturated fatty acids is estimated to be 0.03
mmol/L [26]. Therefore the likely net effect on LDL cholesterol with weight loss on VLCARB will
be a balance between how much weight is lost versus the increase in saturated fatty acids. For
small weight losses the impact is likely to represent a net increase in LDL cholesterol whereas
for moderate weight losses this effect may be neutral. However, the cardiovascular risk
represented by these changes in LDL cholesterol are not clear as Sharman showed that more
men with "pattern B" had switched to "pattern A" after 6 wk of intake of a very lowcarbohydrate diet (75%) compared with a low-fat diet (42%) [27].” (Noakes et al. 2006).
• In spite of the concern that a low carb diet higher in fat will lead to higher levels of lipids in
the blood after a meal (a phenomenon associated with cardiovascular disease risk), the rise in
blood lipids that occurs after a fatty meal is actually reduced in an individual that has been
adapted to a very low carbohydrate diet.:
“There is concern that repeated high-fat meals that occur when a VLCD is consumed will lead to
enhanced postprandial lipemia (34), which is associated with promotion of an atherogenic
environment. However, the degree of postprandial lipemia in response to a fat-rich meal is
decreased dramatically after consumption of a VLCD (10,11,22–24,34).” (Volek, Sharman, &
Forsyhte 2005).
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• Differential Effects of Very Low-Carbohydrate & Low-Fat Diets on Blood Lipids :
“Hypoenergetic very low-carbohydrate and low-fat diets are both commonly used for shortterm weight loss; however, few studies have directly compared their effect on blood lipids, with
no studies to our knowledge comparing postprandial lipemia, an important independently
identified cardiovascular risk factor. The primary purpose of this study was to compare the
effects of a very low-carbohydrate and a low-fat diet on fasting blood lipids and postprandial
lipemia in overweight men. In a balanced, randomized, crossover design, overweight men (n =
15; body fat >25%; BMI, 34 kg/m2) consumed 2 experimental diets for 2 consecutive 6-wk
periods. One was a very low-carbohydrate (<10% energy as carbohydrate) diet and the other a
low-fat (<30% energy as fat) diet. Blood was drawn from fasting subjects on separate days and
an oral fat tolerance test was performed at baseline, after the very low-carbohydrate diet
period, and after the low-fat diet period. Both diets had the same effect on serum total
cholesterol, serum insulin, and homeostasis model analysis-insulin resistance (HOMA-IR).
Neither diet affected serum HDL cholesterol (HDL-C) or oxidized LDL (oxLDL) concentrations.
Serum LDL cholesterol (LDL-C) was reduced (P < 0.05) only by the low-fat diet (−18%). Fasting
serum triacylglycerol (TAG), the TAG/HDL-C ratio, and glucose were significantly reduced only
by the very low-carbohydrate diet (−44, −42, and −6%, respectively). Postprandial lipemia was
significantly reduced when the men consumed both diets compared with baseline, but the
reduction was significantly greater after intake of the very low-carbohydrate diet. Mean and
peak LDL particle size increased only after the very low-carbohydrate diet. The short-term
hypoenergetic low-fat diet was more effective at lowering serum LDL-C, but the very lowcarbohydrate diet was more effective at improving characteristics of the metabolic syndrome
as shown by a decrease in fasting serum TAG, the TAG/HDL-C ratio, postprandial lipemia, serum
glucose, an increase in LDL particle size, and also greater weight loss (P < 0.05).” (Sharman,
Gomez, Kraemer, & Volek, 2004).
“It is speculated that high saturated fat very low carbohydrate diets (VLCARB) have adverse
effects on cardiovascular risk but evidence for this in controlled studies is lacking. The objective
of this study was to compare, under isocaloric conditions, the effects of a VLCARB to 2 low
saturated fat high carbohydrate diets on body composition and cardiovascular risk.
Methods: Eighty three subjects, 48 ± 8 y, total cholesterol 5.9 ± 1.0 mmol/L, BMI 33 ± 3 kg/m2
were randomly allocated to one of 3 isocaloric weight loss diets (6 MJ) for 8 weeks and on the
same diets in energy balance for 4 weeks: Very Low Fat (VLF) (CHO:Fat:Protein; %SF = 70:10:20;
3%), High Unsaturated Fat (HUF) = (50:30:20; 6%), VLCARB (4:61:35; 20%)
Results: Percent fat mass loss was not different between diets VLCARB -4.5 ± 0.5, VLF-4.0 ± 0.5,
HUF -4.4 ± 0.6 kg). Lean mass loss was 32-31% on VLCARB and VLF compared to HUF (21%) (P <
0.05). LDL-C increased significantly only on VLCARB by 7% (p < 0.001 compared with the other
diets) but apoB was unchanged on this diet and HDL-C increased relative to the other 2 diets.
Triacylglycerol was lowered by 0.73 ± 0.12 mmol/L on VLCARB compared to -0.15 ± 0.07
mmol/L on HUF and -0.06 ± 0.13 mmol/L on VLF (P < 0.001). Plasma homocysteine increased
6.6% only on VLCARB (P = 0.026). VLCARB lowered fasting insulin 33% compared to a 19% fall
on HUF and no change on VLF(P < 0.001). The VLCARB meal also provoked significantly lower
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post prandial glucose and insulin responses than the VLF and HUF meals. All diets decreased
fasting glucose, blood pressure and CRP (P < 0.05).
Conclusion
Isocaloric VLCARB results in similar fat loss than diets low in saturated fat, but are more
effective in improving triacylglycerols, HDL-C, fasting and post prandial glucose and insulin
concentrations. VLCARB may be useful in the short-term management of subjects with insulin
resistance and hypertriacylglycerolemia.” (Noakes et al. 2006).

Effects on Brain Metabolism, Cognitive Performance, Mood, & Sociability?
Basic Metabolism of Glucose & Ketones in the Human Brain—“On a normal pattern of food
intake (three meals per day), the brain runs almost exclusively on the six carbon sugar: glucose.
The adult human brain consumes ∼3–4 mg of glucose per 100 g of brain tissue per minute or
about 100 g (a quarter pound) of glucose per day. Thus, the adult brain's energy requirement is
equivalent to about 20–23% of the body's daily energy intake. In the newborn human brain, the
value is a remarkable 74%(Fig. 1)…When blood glucose declines after more than two to three
hours of fasting, glucose can be made by gluconeogenesis from other molecules such as
glycerol, which is produced during fat metabolism, or from amino acids in tissue protein.
However, both routes are very short-term solutions that are not adequate to supply the brain's
energy needs for even a few days. Other tissues use long chain fatty acids stored in body fat to
replace glucose as a fuel but this is not an option for the brain because fatty acids cross the
blood brain barrier too slowly…
Ketones: the key to brain fuel security
To provide longer-term back-up fuel insurance for a large and expanding brain, a different
energy substrate not involving glucose or tissue breakdown was needed. Ketones (betahydroxybutyrate, acetoacetate, and acetone) became the alternative fuel backing up glucose
for the adult human brain.Ketones are small molecules derived from fatty acid oxidation,
principally in the liver (Fig. 2). Brain uptake of ketones increases in direct proportion to ketone
levels in the blood (Cunnane et al., 2011). Thus, when fasting starts, the initial rate of brain
ketone uptake is relatively slow because plasma ketone concentrations are low and because
the monocarboxylic acid transporters are still not fully activated for ketone transport. If fasting
goes beyond four to six hours, the normal stimulation of insulin production by carbohydrate
intake decreases markedly, thereby permitting release of free fatty acids from fat stores into
the blood. Free fatty acids replace glucose for most organs and drive ketone production in the
liver, allowing brain uptake of ketones to become fully activated.
The amounts and activities of the enzymes in the brain needed to metabolise ketones always
exceed what is necessary to supply the brain's fuel needs, even during fasting or starvation
(Fukao et al., 2004). Hence, ketone utilization is a constitutive feature of the brain and not an
adaptive response, i.e., the brain is used to metabolising ketone bodies and is always prepared
to use them as soon as they are available (Cunnane et al., 2011). Ketones can seamlessly
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replace an inadequate supply of glucose to meet up to two-thirds of the adult brain's energy
needs (Owen et al., 1967).
There are three key advantages to having ketone bodies as the main alternative fuel for the
adult human brain. First, humans normally have significant body fat stores so the supply of fatty
acids needed to make ketones is more than adequate. Second, using ketones for up to twothirds of the brain's energy requirement greatly reduces the risk of detrimental muscle
breakdown or compromised function of organs, the protein from which would be needed to
make glucose if fasting lasts more than a few hours. Third, by using ketones, the brain
competes less with cells that have no choice but to use glucose, i.e., red blood cells.” (Cunnane
& Crawford, 2014).
“In vitro studies using brain slices show the priority of CNS usage of βOHB over glucose (33, 63).
It appears that one can roughly use the relative molar concentrations of βOHB and glucose to
know the relative brain metabolism of the two. With 7.0 mM βOHB and 3.5 mM glucose, two
thirds of brain's metabolic substrate is βOHB. An approximation for clinical use is that if a diet
contains over 100 grams carbohydrate, there is no ketosis (<0.1 mM). As one decreases dietary
carbohydrate, ketogenesis begins. Glucose intake (“carbs”) of 20–40 grams is associated with
βOHB of approximately 1 mM, but wide variations exist between people. Glucose
administration to fasting normals reverses starvation metabolism rapidly, particularly nitrogen
loss (Figures 7a and 7b). Even a small amount such as 7.5 grams decreases ketoacid and
ammonia nitrogen excretion (65). An anthropologic extrapolation would suggest that a few
berries or a carbohydrate-containing root nibbled intermittently by a cruising hunter-gatherer
might be critical for long-term survival.” (Cahill, 2006).
“The fact that a KD does reduce frequency of epileptic seizures clearly indicates that the diet
has a neurological effect (Bough and Rho 2007; Hartman et al. 2007). In fact, the KD was found
to significantly alter the levels of metabolites of serotonin and dopamine, suggesting its
mechanism of action may be through these mono-amine neurotransmitters (Dahlin et al. 2012).
Since these neurotransmitters play a role in anxiety and depression, the KD may actually confer
anti-depressant and anti-anxiety properties, as observed and suggested by Murphy et al.
(2004). The KD has also been reported to increase the vascular density in the brain (Puchowicz
et al. 2007), and protect against neuronal loss (Maalouf et al. 2009; Jiang et al. 2012), implying
the diet can alter the anatomy as well as the chemistry of the brain.” (Sussman, Germann, &
Henkelman, 2015).
“Yet in surveying the research literature, it seems fairly clear that there is a biphasic effect on
locomotor behavior: reduced activity characterizes KD onset, whereas increased activity
predominate after a few weeks. Effects of a KD on locomotion in rodents (compiled informally
from the literature) are shown in Figure 3. Notably, a biphasic pattern over time after diet
initiation is found in clinical literature relating to cognition, mood, and vitality. Soon after
beginning a KD, subjects often complain of lethargy (Vining et al., 1998; Lefevre and Aronson,
2000); in children, intolerable drowsiness is a reported side-effect that sometimes leads to
cessation of KD treatment (Neal et al., 2008a). Yet, after weeks on the diet, subjects report
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heightened vitality, physical functioning, and alertness (Hallböök et al., 2007; Mosek et al.,
2009; Yancy et al., 2009)…Investigations in non-epileptic adult subjects (thus without
confounding antiepileptic medications) have more specifically addressed cognition and the KD.
One study found a transient, moderate impairment in one cognitive task (but not two other
tasks) at 1 week of diet treatment but found no impairments at later time points (Wing et al.,
1995); two studies examining chronic KD treatments reported improved processing speed and
working memory lasting up to 1 year (Halyburton et al., 2007; Brinkworth et al., 2009). This
pattern seems to parallel the biphasic effect on activity and vitality noted above.” (Ruskin &
Masino 2012).
“OBJECTIVE: To determine whether ketogenic weight reducing diets have adverse effects on
cognitive performance. SUBJECTS: 21 overweight women (mean BMI = 41 kg/m2). DESIGN:
Randomized double-blinded study. METHOD: Subjects were randomized to ketogenic or
nonketogenic liquid formula very low energy diets, that were comparable in energy and in
protein content. Subjects remained on the diet for 28 days and were reevaluated periodically
with brief measures of cognitive performance assessing attention and mental flexibility.
RESULTS: Weight losses were comparable on the two diets (Mean = 8.1 kg). Performance on
attention tasks did not differ as a function of the diet. However, performance on the trail
making task, a neuropsychological test that requires higher order mental processing and
flexibility, was adversely affected by the ketogenic diet. The worsening in performance was
observed primarily between baseline and week one of the ketogenic diet. CONCLUSIONS:
Further research is needed to confirm this finding and to determine whether ketogenic diets
negatively affect other complex mental tasks, such as problem solving.” (Wing, Vazquez, & Ryan
1995).
Very low carbohydrate, ketogenic diets may be more likely to alter mood than diets lower in
carbohydrates, but that are not ketogenic.—
“Carbohydrate-restricted diets have been associated with fatigue and reduced vigor in response
to exercise significantly more than have high-carbohydrate diets (33, 34). In the current study,
weekly fatigue-inertia scores, representing a mood of weariness, inertia, and low energy level,
did not differ significantly by diet treatment or time; however, vigor-activity scores,
representing a mood of vigorousness, ebullience, and high energy, were significantly higher in
NLC [low carb] dieters than in KLC [ketogenic, low carb] dieters. These data suggest that, in the
context of high-protein diets, small differences (as little as 50 – 60 g/d) in dietary carbohydrate
may affect emotion, mood state, and, potentially, the desire to be physically active.” (Johnston
et al. 2006).
Alterations in Mood & Cognitive Function on Low Carbohydrate Diets—
“Mood among long-term consumers of LC diets may also be negatively affected by changes in
serotogenic expression and neurotrophic factors. While a high-carbohydrate intake can
increase serotonin synthesis, fat and protein intakes reduce serotonin concentrations in the
brain. There is an abundance of evidence demonstrating a link between serotogenic functions
of the brain and aspects of psychological functioning, particularly depression and anxiety. Mood
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has also been shown to be dependent on and directly proportional to brain-derived
neurotrophic levels, with high-fat diets reducing brain-derived neurotrophic levels, possibly as a
result of alterations in the levels of corticosterone. Further studies evaluating the
psychophysiological effects of LC diets on serotonin and neurotrophic factors are required.”
(Brinkworth et al.).
“In addition to mood, cognitive function has also been shown to be acutely affected by meal
composition, with the short-term (≤8 weeks) consumption of an LC diet potentially producing
negative effects on cognitive functioning…In the current study, the trajectory of change in
speed of processing and working memory across time did not vary between participants
assigned to the 2 diets over the long term. This finding is consistent with previous studies
showing that short-term decrements in cognitive performance were not sustained in persons
on an LC diet. Together, the study results suggest that any decrements in cognitive
performance following introduction to an LC diet are transient and short-lived.
Because it is well recognized that glucose is the brain's primary fuel and that hypoglycemia
impairs cognitive function, it could have been hypothesized that the LC diet may have
negatively affected cognitive performance relative to the LF diet. However, despite a restricted
carbohydrate intake, the LC diet did not induce a hypoglycemic state, which is likely attributable
to increased gluconeogenesis to maintain blood glucose levels, and after the intervention,
participants in both groups had similar fasting plasma glucose levels that were within the
normal range. Although it is not possible to measure local changes in brain glucose levels
because the level of glucose in the blood reflects the level of glucose in the brain, maintenance
of normal glucose levels may explain the lack of any difference in cognitive performance
between the diets.” (Brinkworth et al.).
“To examine how a low-carbohydrate diet affects cognitive performance, women participated
in one of two weight-loss diet regimens. Participants self-selected a low-carbohydrate (n = 9) or
a reduced-calorie balanced diet similar to that recommended by the American Dietetic
Association (ADA diet) (n = 10). Seventy-two hours before beginning their diets and then 48 h,
1, 2, and 3 weeks after starting, participants completed a battery of cognitive tasks assessing
visuospatial memory, vigilance attention, memory span, a food-related paired-associates a food
Stroop, and the Profile of Moods Scale (POMS) to assess subjective mood. Results showed that
during complete withdrawal of dietary carbohydrate, low- carbohydrate dieters performed
worse on memory-based tasks than ADA dieters. These impairments were ameliorated after
reintroduction of carbohydrates. Low-carbohydrate dieters reported less confusion (POMS) and
responded faster during an attention vigilance task (CPT) than ADA dieters. Hunger ratings did
not differ between the two diet conditions. The present data show memory impairments during
low-carbohydrate diets at a point when available glycogen stores would be at their lowest. A
commonly held explanation based on preoccupation with food would not account for these
findings. The results also suggest better vigilance attention and reduced self-reported confusion
while on the low-carbohydrate diet, although not tied to a specific time point during the diet.”
(D’Anci et al. 2009).
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“In assessing cognitive performance, the test session 1 week after initiating the diets was of
most interest because at this point there was little or no carbohydrate intake and glycogen
stores should have been utilized. In this session, LC dieters showed decrements on two
memory-related cognitive tasks.Short-term memory as assessed by the Reverse Digit Span task
was impaired relative to ADA dieters. Performance on the less cognitively demanding Forward
Digit Span was not affected. For map-recall, LC participants correctly placed fewer items during
short-term recall. Long-term recall for information learned during session 2 showed LC dieters
making more incorrect placements, and making up more names, but leaving fewer items blank.
Remember that long-term recall occurred at the subsequent test session, i.e. at a point when
low levels of carbohydrate had been reintroduced, suggesting that carbohydrate restriction
contributed to memory encoding impairments that subsequently impacted both short and longterm recall. These data suggest that after a week of severe carbohydrate restriction, memory
performance, particularly on difficult tasks (e.g., backward compared to forward digit span;
spatial memory), is impaired.” (D’Anci et al. 2009).
“The vigilance attention task (CPT), in contrast, showed a positive effect of the LC diet,
compared to the ADA diet that was not linked to a specific test session. LC dieters responded
faster to targets, particularly as the task progressed through its 15-min duration, suggesting
better sustained attention. Other research has shown that eating meals high in protein (Lowden
et al., 2004; Paz & Berry, 1997) or fat (Love, Watters, & Chang, 2005; Lowden et al., 2004) in the
short term reduces fatigue and improves tasks requiring vigilance attention relative to meals
high in carbohydrate. The present data suggest that longer-term adherence to a lowcarbohydrate, high-protein/high-fat diet may have similar effects on attention.” (D’Anci et al.
2009).

Low Carbohydrate Diets & Exercise—
“The effects of VLCKD on metabolism have been studied in the context of physical exercise.
High-fat/low-carbohydrate diets consumed for more than 7 days reduce muscle glycogen
content and carbohydrate oxidation. This is compensated for by markedly increased rates of fat
oxidation [33,34,51–54] even in well-trained endurance athletes who already demonstrate
increased fat oxidation[52]. The substrates for enhanced fat oxidation appear to be circulating
fatty acids, ketone bodies, and TG derived from VLDL [32–34], the latter probably resulting from
enhanced skeletal muscle lipoprotein lipase (LPL) activity [55]. Enhanced fat oxidation and
muscle glycogen sparing after a high-fat diet persist even when carbohydrate is provided before
or during exercise [56]. Carbohydrate-loading after chronic adaptation to a high-fat diet is the
subject of current investigation: some studies show enhanced performance during ultraendurance exercise compared to a conventional diet [53,57] whereas others have failed to
show a clear benefit despite increased fat oxidation [56,58,59]. However, given two or more
weeks of adaptation to either a hypocaloric or eucaloric ketogenic diet, endurance exercise
performance is not impaired despite a marked shift to fat as the primary oxidative fuel[36,60].”
(Volek et al. 2008).
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“…low carbohydrate high fat (LCHF) diets are becoming increasingly popular among athletes as
a potential means of improving endurance performance, managing weight or reducing the risk
of developing chronic disease (Paoli et al. 2013; Paoli et al. 2015; Volek et al. 2016). Athletes
eating a LCHF diet experience a dramatic shift away from carbohydrate towards fat oxidation
during exercise(Phinney et al. 1983; Goedecke et al. 1999; Volek et al. 2016). Even so, they are
still able to sustain relatively high carbohydrate oxidation rates of between 1.0 and 1.5 g min−1
during prolonged endurance exercise in the fasted state (Lambert et al. 1994; Zajac et al. 2014).
These rates are lower than in control athletes eating a mixed macronutrient diet (2.0 to 2.5 g
min−1) but, in the context of very limited dietary carbohydrate intake, it is unclear from where
this carbohydrate is derived. Because athletes eating a LCHF diet have reduced muscle and liver
glycogen stores (Bergström et al. 1967; Nilsson & Hultman, 1973; Phinney et al. 1983; Lambert
et al. 1994) and often eat less than 50 g of carbohydrate per day…Carbohydrate oxidation rates
were significantly lower and fat oxidation rates were significantly higher in the LCHF group
compared to the mixed diet group throughout the exercise trial (Fig. 2). Fat oxidation gradually
increased in the mixed diet group but remained relatively stable in the LCHF group (Fig.
2B)…The rate of carbohydrate oxidation in the mixed diet group was more than double that of
the LCHF group throughout the entire 2 h exercise session. This is consistent with greater use of
muscle and liver glycogen and a greater plasma glucose uptake (Rd) in athletes eating the
mixed diet. Consequently, GNG contributed a much greater proportion towards the
carbohydrate requirements of the LCHF group (20% LCHF; 7% Mixed)…Interestingly, the mixed
diet group retained high carbohydrate and low fat oxidation rates at the end of exercise despite
low but similar muscle (and presumably liver) glycogen stores as the LCHF group. This trend
underlies the arguments both for and against LCHF diets as a tool to enhance endurance
performance. On the one hand, LCHF athletes potentially have a metabolic and performance
advantage during prolonged low-to-moderate intensity exercise once endogenous
carbohydrate stores are largely reduced (Lambert et al. 1994). On the other hand, it is unclear
to what extent LCHF athletes are able to sustain high-intensity exercise in the face of reduced
starting muscle glycogen and carbohydrate oxidation rates (Havemann et al. 2006; Stellingwerff
et al. 2006). Further research is required to assess the role of fat oxidation during high intensity
exercise in LCHF athletes…Although there were profound differences in whole body fat and
carbohydrate oxidation rates between fasted athletes on either a LCHF or mixed macronutrient
diet, we found no difference in the rates of total GNG at rest or during exercise. However, the
rates of EGP at rest and during exercise were greater in the mixed diet group compared to the
LCHF group and this was entirely a result of higher rates of GLY. ” (Webster et al. 2016).
“Over the past several years, 2 reviews focused on LCKD and exercise have been published. One
of these reviews concluded that submaximal endurance performance can be sustained despite
the virtual exclusion of carbohydrate from the human diet (46)…Therapeutic use of ketogenic
diets should not limit most forms of physical activity, with the caveat that anaerobic
performance (ie, weight lifting or sprinting) may be limited by lower-muscle glycogen
concentrations.” (Westman et al. 2007).
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“Glucose is the only energy source for sustaining running speeds above 70% of maximal oxygen
consumption (Romijn et al. 1993).” (Hardy et al.).
“In well-trained humans, the energy storage of muscle triglyceride (TG) approaches or equals
the energy equivalence of the muscle CHO store, whereas the absolute amounts of fat in
humans are sufficient for many hours or days of continuous exercise even in the leanest of
athletes (Burke and Hawley 2002)…Both acute and chronic modification of dietary fat and CHO
content have long been known to result in altered proportions of substrate oxidation both at
rest and during exercise (Krogh and Lindhard 1920)…Of importance is the repeated observation
that fat-adaptation strategies dramatically increase whole-body rates of fat oxidation during
submaximal exercise in already well-trained athletes above the rates typically induced by
endurance training alone (Table 1). However, despite this augmented response and the
concomitant glycogen sparing, the effects of fat adaptation on a range of endurance-based
performance tasks have been equivocal: some studies have reported benefits (Lambert et al.
1994; Muoio et al. 1994; Venkatraman et al. 2001), whereas others have shown no advantage
to performance (Phinney et al. 1983). In addition, the responses of athletes to such diets
appear to be highly variable and can impair training capacity (Yeo et al. 2008). It should be
noted that such diets result in reduced muscle glycogen content and that, regardless of the
level to which fat oxidation is elevated during exercise, it is important for athletes to approach
endurance sporting competitions with maximized glycogen storage (Burke et al. 2004)…It is
possible that many of these performance tasks have been undertaken at exercise intensities at
which CHO is the major fuel for muscle metabolism: whereas rates of fat oxidation during
submaximal exercise (60%–70% maximal oxygen consumption (VO2 max)) are elevated after fat
adaptation, there is a reliance on CHO at intensities above 80%–85% of VO2 max. ” (Yeo et al.
2011).
“…it seemed reasonable to hypothesize that exercise tolerance would take more than a week to
recover after removal of carbohydrate from the diet…To test this hypothesis, the current
author [Stephen Phinney] (under the mentorship of Drs. Ethan Sims and Edward Horton at the
University of Vermont) undertook a study of subjects given a very low calorie ketogenic diet for
6 weeks in a metabolic research ward…Treadmill performance testing of these subjects
included determinations of peak aerobic power (VO2max) after a 2-week weight maintenance
baseline diet, and again after 6 weeks of the ketogenic weight loss diet. Endurance time to
exhaustion was quantitated at 75% of the baseline VO2max. This endurance test was repeated
again after one week of weight loss and finally after 6 weeks of weight loss…these subjects’
peak aerobic power did not decline despite 6 weeks of a carbohydrate-free…it is clear that our
subjects experienced a delayed adaptation to the ketogenic diet, having reduced endurance
performance after one week followed by a recovery to or above baseline in the period between
one and six weeks…the current author undertook a second study under the mentorship of Dr.
Bruce Bistrian at MIT in Cambridge MA [14, 15]. The diet employed in this followup study was
patterned after that consumed by Stefansson during his year in the Bellevue study (and thus
presumably close to that traditionally consumed by the Inuit) with the intention that the
subjects would be in ketosis without weight loss…This second study utilized competitive bicycle
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racers as subjects, confined to a metabolic ward for 5 weeks. In the first week, subjects ate a
weight maintenance (eucaloric) diet providing 67% of non-protein energy as carbohydrate,
during which time baseline performance studies were performed. This was followed by 4 weeks
of a eucaloric ketogenic diet (EKD) providing 83% of energy as fat, 15% as protein, and less than
3% as carbohydrate…The bicyclist subjects of this study noted a modest decline in their energy
level while on training rides during the first week of the Inuit diet, after which subjective
performance was reasonably restored except for their sprint capability, which remained
constrained during the period of carbohydrate restriction. On average, subjects lost 0.7 kg in
the first week of the EKD, after which their weight remained stable. Total body potassium (by
40K counting) revealed a 2% reduction in the first 2 weeks (commensurate with the muscle
glycogen depletion documented by biopsy), after which it remained stable in the 4th week of
the EKD. These results are consistent with the observed reduction in body glycogen stores but
otherwise excellent preservation of lean body mass during the EKD….What is remarkable about
these data is the lack of change in aerobic performance parameters across the 4-week
adaptation period of the EKD. The endurance exercise test on the cycle ergometer was
performed at 65% of VO2max, which translates in these highly trained athletes into a rate of
energy expenditure of 960 kcal/hr. At this high level of energy expenditure, it is notable that
the second test was performed at a mean respiratory quotient of 0.72, indicating that virtually
all of the substrate for this high energy output was coming from fat. This is consistent with
measures before and after exercise of muscle glycogen and blood glucose oxidation (data not
shown), which revealed marked reductions in the use of these carbohydrate-derived substrates
after adaptation to the EKD…Examining the results of these two ketogenic diet performance
studies together indicates that both groups experienced a lag in performance across the first
week or two of carbohydrate restriction, after which both peak aerobic power and sub-maximal
(60–70% of VO2max) endurance performance were fully restored. In both studies, one with
untrained subjects and the other with highly trained athletes who maintained their training
throughout the study, there was no loss of VO2max despite the virtual absence of dietary
carbohydrate for 4–6 weeks. This whole-body measure of oxidative metabolism could not be
maintained unless there was excellent preservation of the full complement of functional tissues
including skeletal muscle (and mitochondrial) mass, circulating red cell mass, and
cardiopulmonary functions…As a final note in this section, neither the Vermont study nor the
MIT study has been refuted in the 2 decades since their publication. Understandably given the
expense of human metabolic ward studies and the orthogonal conclusions of these two studies,
neither study has been corroborated by a similar human study. However two subsequent
animal studies examining physical performance after keto-adaptation have yielded results
consistent with those presented above [16, 17].” (Phinney, 2004).
“There are three factors that can help us explain the paradox presented by studies showing
superior performance with high carbohydrate diets versus the present author's two studies
noted above…1)Adaptation: The most obvious of these is the time allotted (or not) for ketoadaptation. In this context, the prescient observation of Schwatka (that adaptation to "a diet of
reindeer meat" takes 2–3 weeks) says it all. None of the comparative low-carbohydrate versus
high-carbohydrate studies done in support of the carbohydrate loading hypothesis sustained
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the low carbohydrate diet for more than 2 weeks [5], and most (including the classic report of
Christensen and Hansen [2]) maintained their low-carbohydrate diets for 7 days or less.
There are to date no studies that carefully examine the optimum length of this keto-adaptation
period, but it is clearly longer than one week and likely well advanced within 3–4 weeks. The
process does not appear to happen any faster in highly trained athletes than in overweight or
untrained individuals.This adaptation process also appears to require consistent adherence to
carbohydrate restriction, as people who intermittently consume carbohydrates while
attempting a ketogenic diet report subjectively reduced exercise tolerance…
2)Sodium and potassium:
The second factor differentiating the author's studies from many others is optimized mineral
nutriture, which has benefits for both cardiovascular reserve in the short term and preservation
of lean body mass and function over longer time periods. The Inuit people lived much of the
year on coastal ice (which is partially desalinated sea water), and much of their food consisted
of soup made with meat in a broth from this brackish source of water. When they went inland
to hunt, they traditionally added caribou blood (also a rich source of sodium) to their soup.
With these empirically derived techniques, the Inuit culture had adapted the available
resources to optimize their intakes of both sodium and potassium.
When meat is baked, roasted, or broiled; or when it is boiled but the broth discarded,
potassium initially present in the meat is lost, making it more difficult to maintain potassium
balance in the absence of fruits and vegetables. Because our research subjects were
accustomed to eating meat, fish, and poultry prepared as something other than soup, we chose
to give them most of their sodium separately as bouillon and a modest additional supplement
of potassium as potassium bicarbonate. With these supplements maintaining daily intakes for
sodium at 3–5 g/d and total potassium at 2–3 g/d, our adult subjects were able to effectively
maintain their circulatory reserve (ie, allowing vasodilatation during submaximal exercise) and
effective nitrogen balance with functional tissue preservation.
An example of what happens when these mineral considerations are not heeded can be found
in a study prominently published in 1980 [18]. This was a study designed to evaluate the
relative value of "protein only" versus "protein plus carbohydrate" in the preservation of lean
tissue during a weight loss diet. The protein only diet consisted solely of boiled turkey (taken
without the broth), whereas the protein plus carbohydrate consisted of an equal number of
calories provided as turkey plus grape juice. Monitored for 4 weeks in a metabolic ward, the
subjects taking the protein plus carbohydrate did fairly well at maintaining lean body mass
(measured by nitrogen balance), whereas those taking the protein only experienced a
progressive loss of body nitrogen.
A clue to what was happening in this "Turkey Study" could be found in the potassium balance
data provided in this report. Normally, nitrogen and potassium gains or losses are closely
correlated, as they both are contained in lean tissue…not recognizing that half of this potassium
was being discarded in the unconsumed broth. Deprived of this potassium (and also limited in
their salt intake), these subjects were unable to benefit from the dietary protein provided and
lost lean tissue.
3) Protein dose:
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The third dietary factor potentially affecting physical performance is adjusting protein intake to
bring it within the optimum therapeutic window for human metabolism. The studies noted
herein [13, 14, 15, 20] demonstrate effective preservation of lean body mass and physical
performance when protein is in the range of 1.2 – 1.7 g/kg reference body weight daily,
provided in the context of adequate minerals. Picking the mid-range value of 1.5 g/kg-d, for
adults with reference weights ranging from 60–80 kg, this translates into total daily protein
intakes 90 to 120 g/d. This number is also consistent with the protein intake reported in the
Bellevue study [9]. When expressed in the context of total daily energy expenditures of 2000–
3000 kcal/d, about 15% of ones daily energy expenditure (or intake if the diet is eucaloric)
needs to be provided as protein.
The effects of reducing daily protein intake to below 1.2 g/kg reference weight during a
ketogenic diet include progressive loss of functional lean tissue and thus loss of physical
performance, as demonstrated by Davis et al [21]. In this study, subjects given protein at 1.1
g/kg-d experienced a significant reduction in VO2max over a 3 month period on a ketogenic
diet, whereas subjects given 1.5 g/kg-d maintained VO2max.
At the other end of the spectrum, higher protein intakes have the potential for negative sideeffects if intake of this nutrient exceeds 25% of daily energy expenditure…Stefansson describes
a malady known by the Inuit as rabbit malaise [8]. This problem would occur in the early spring
when very lean rabbits were the only available game, when people might be tempted to eat too
much protein in the absence of an alternative source of dietary fat. The symptoms were
reported to occur within a week, and included headache and lassitude. Such symptoms are not
uncommon among people who casually undertake a "low carbohydrate, high protein" diet.”
(Phinney, 2004).
“Both observational and prospectively designed studies support the conclusion that
submaximal endurance performance can be sustained despite the virtual exclusion of
carbohydrate from the human diet. Clearly this result does not automatically follow the casual
implementation of dietary carbohydrate restriction, however, as careful attention to time for
keto-adaptation, mineral nutriture, and constraint of the daily protein dose is required.
Contradictory results in the scientific literature can be explained by the lack of attention to
these lessons learned (and for the most part now forgotten) by the cultures that traditionally
lived by hunting. Therapeutic use of ketogenic diets should not require constraint of most forms
of physical labor or recreational activity, with the one caveat that anaerobic (ie, weight lifting or
sprint) performance is limited by the low muscle glycogen levels induced by a ketogenic diet,
and this would strongly discourage its use under most conditions of competitive athletics.”
(Phinney, 2004).
“Impaired physical performance is a common but not obligate result of a low carbohydrate diet.
Lessons from traditional Inuit culture indicate that time for adaptation, optimized sodium and
potassium nutriture, and constraint of protein to 15–25 % of daily energy expenditure allow
unimpaired endurance performance despite nutritional ketosis.” (Phinney, 2004).
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“To explore how popular low-carbohydrate diets might impact the desire to exercise, fatigue
and perceived effort during exercise were compared in untrained, overweight adults adhering
to ketogenic or to nonketogenic, low-carbohydrate, hypocaloric diets for 2 weeks…Ketogenic
diets have been associated with reductions in free-living physical activity, a response that can
be counterproductive in individuals trying to lose weight. To explore whether popular lowcarbohydrate diets might impact the desire to exercise by raising blood ketone concentrations,
fatigue and perceived effort during exercise were compared in untrained, overweight adults
adhering to a ketogenic low-carbohydrate diet or to a control diet low in carbohydrate, but not
ketogenic (5%, 65%, and 30% or 40%, 30%, and 30% of energy from carbohydrate, fat, and
protein, respectively). In this prospective, randomized, 2-week pilot study, all meals and snacks
were provided to subjects, and energy intake was strictly controlled to provide approximately
70% of that needed for weight maintenance. At baseline and at the end of week 2, exercise
testing was conducted in fasting participants. Weight loss and the reductions in fat mass did not
differ by group during the trial. At week 2, blood β-hydroxybutyrate concentrations were 3.6fold greater for the ketogenic vs nonketogenic group (P=0.018) and correlated significantly with
perceived exercise effort (r2=0.22, P=0.049). Blood β-hydroxybutyrate was also significantly
correlated to feelings of “fatigue” (r=0.458, P=0.049) and to “total mood disturbance” (r=0.551,
P=0.015) while exercising. These pilot data indicate that ketogenic, low-carbohydrate diets
enhance fatigability and can reduce the desire to exercise in free-living individuals…Together,
these data suggest that the ability and desire to maintain sustained exercise might be adversely
impacted in individuals adhering to ketogenic diets for weight loss. The small sample size of this
trial, however, limits the generalizability of these findings.” (White et al. 2007).
“For this study, 17 participants practiced a noncarbohydrate-restricted diet for three weeks and
the carbohydrate-restricted diet for three weeks, while maintaining previous exercise
habits….The results indicate, as predicted, that when a person restricts carbohydrates from the
diet, he will experience more fatigue, more negative affect, and less positive affect in response
to exercise during the first three weeks of the diet than those individuals who are not
restricting carbohydrate.” (Butki, Baumstark, & Driver 2003).
Potential Adverse Effects—
High Protein Diets, Kidney Stones & Kidney Function—
“The increase of acid and calcium excretion due to HP diet is also accused of constituting a
favorable environment for kidney stones and renal diseases. However, in healthy subjects, no
damaging effect of HP diets on kidney has been found in either observational or interventional
studies and it seems that HP diets might be deleterious only in patients with preexisting
metabolic renal dysfunction.” (Calvez et al. 2012).
“The changes in urinary biochemistry cited enhance the propensity for the formation of uric
acid and calcium stones. At a urine pH of 5.35, the pKa of uric acid, uric acid is sparingly soluble
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in the urinary environment and may precipitate and form uric acid stones and/or induce
heterogeneous nucleation of calcium oxalate crystals, thus promoting the formation of calcium
oxalate stones.21 Urinary pH decreased from approximately 6.0 during the usual diet to 5.5
during LCHP diets, reducing the pH closer to the dissociation constant of uric acid. The mean
concentration of undissociated uric acid increased to more than twice the previously reported
solubility of uric acid.22 The RSR of calcium oxalate was not increased, likely because of the
small study size and in part because of urine dilution by the imposition of a high-fluid intake.
However, LCHP diets increased urinary calcium by approximately 60% and significantly
decreased urinary citrate, an inhibitor of calcium stone formation.23 These results confirm
previous reports noting a positive correlation between animal protein consumption and risk for
kidney stone disease…Therefore, it appears reasonable to suggest that individuals consuming
an Atkins'-type diet should maintain a high fluid intake to help decrease the propensity for
stone formation.” (Reddy et al. 2002).
“The potentially harmful effects of dietary proteins on renal function are believed to be due to
the ‘overwork’ induced by such diets on the kidneys. Indeed, as shown previously, HP diets
cause elevation of glomerular filtration rate and hyperfiltration (Kim and Linkswiler, 1979;
Schuette et al., 1980; Hegsted and Linkswiler, 1981; Hegsted et al., 1981; Zemel et al., 1981;
Brenner et al., 1982; Bilo et al., 1989; Metges and Barth, 2000; Tuttle et al., 2002; Frank et al.,
2009; Burodom, 2010)…to our knowledge, the link between protein-induced renal hypertrophy
or hyperfiltration and the initiation of renal disease in healthy individuals has not been clearly
shown…In their review, Martin et al. (2005), concluded that there is no significant evidence of
an association between HP intakes and the initiation or progression of renal disease in healthy
individuals. For instance, in an observational study, high animal protein intake was correlated
with a decline in renal function in women with preexisting renal disease, but not in women with
normal renal function (Knight et al., 2003). In long interventional studies, including overweight
or obese healthy subjects, without preexisting renal dysfunction, the HP diet did not adversely
affect renal function, whether it increased glomerular filtration rate and kidney size (Skov et al.,
1999) or whether it did not (Brinkworth et al., 2010). However, HP diets have been shown to
accelerate renal deterioration in patients with kidney dysfunction, and protein restriction is a
common strategy to postpone the progression of renal diseases (Klahr, 1989; Pedrini et al.,
1996; Robertson et al., 2007). Martin et al. (2005) suggest that in healthy people, renal
hypertrophy increased glomerular filtration rate, and hyperfiltration induced by HP intakes
might be normal physiological adaptations to the increased demand on kidney due to its role as
an acid buffer.” (Calvez et al. 2012).
“Another potentially harmful effect of HP consumption, especially animal proteins, concerns its
relation with kidney stone formation. HP intake induces an increase in calcium and acid
excretion, which are considered as potentially lithogenic substances (Robertson et al., 1979;
Wasserstein et al., 1987). Prospective studies found an elevated risk of stone formation with
high animal protein intakes in men or women with no history of kidney stones (Curhan et al.,
1993, 1997), whereas others reported an unchanged or reduced risk (Hirvonen et al., 1999;
Curhan et al., 2004). High intakes of animal protein (meat) were shown to adversely affect
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markers of stone formation in male recurrent stone formers, whereas no changes were
observed in healthy individuals (Nguyen et al., 2001). It is possible that, as for renal disease,
proteins are harmful only in patients with a preexisting dysfunction (Jaeger et al., 1983; Hess,
2002).” (Calvez et al. 2012).
“Background: High-protein diets are effective for weight reduction; however, little is known
about the potential adverse renal effects of such diets.
Objective: The aim of our study was to compare the effect of a high-protein (HP) with a normalprotein (NP) diet on renal hemodynamics and selected clinical-chemical factors…Twenty-four
healthy young men followed the 2 diet protocols for 7 d each in a crossover design…The
glomerular filtration rate (NP: 125 ± 5 mL/min; HP: 141 ± 8 mL/min; P < 0.001) and filtration
fraction (NP: 23 ± 5%; HP: 28 ± 5%; P < 0.05) increased significantly with the HP diet…Blood
urea nitrogen, serum uric acid, glucagon, natriuresis, urinary albumin, and urea excretion
increased significantly with the HP diet.
Conclusions: A short-term HP diet alters renal hemodynamics and renal excretion of uric acid,
sodium, and albumin. More attention should be paid to the potential adverse renal effects of
HP diets.” (Frank et al. 2009).
“Hyperuricemia and a reduction in urinary pH, also observed in our study, are recognized risk
factors for nephrolithiasis (9). Experimental data provide evidence that uric acid may be an
important mediator of renal disease and progression (38). Elevated uric acid may cause, in part,
endothelial dysfunction, linking hyperuricemia with hypertension, the metabolic syndrome, and
kidney disease (39, 40)…In conclusion, our study provides evidence that an HP diet in healthy
young men induces significant changes in the GFR, the filtration fraction, albuminuria, serum
uric acid, and urinary pH values, whereas other indicators of renal function remained
unchanged. Although the clinical significance of these findings is unclear, it is recommended
that more attention be paid to the monitoring of renal function in humans consuming HP diets,
because long-term effects cannot be excluded at present. Nevertheless, more detailed and
long-term studies on the consequences of HP diets to kidney function are urgently needed.”
(Frank et al. 2009)
“Plasma uric acid and urinary calcium, metabolic markers that typically are substantially higher
with high-protein diets (26, 27), were not significantly higher at trial week 6 than at baseline,
which supports the contention that these fluctuations are transient (28).” (Johnston et al.
2006).
“The calciuretic effect of protein has also been related to an increase in renal acid load, which
in this study adapted over time. The potential renal acid load when women consumed the high
meat diet was estimated to be about twice that when women consumed the low meat diet (60
vs. 30 mEq/d) using the method of Remer and Manz (46 ), which assumes constant absorption
of dietary minerals and electrolytes (without allowing for adaptation over time). The higher
dietary acid load during the high meat dietary period was reflected in the higher initial renal
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acid excretion; however, this difference abated between 3 and 8 wk (Table 4) . Furthermore,
despite this early difference in urinary acid excretion and the continuing greater excretion of
sulfate and ammonium, urinary calcium excretion was not different at any time point tested.
Similarly, in previous studies, although addition of meat to the diet has been associated with
hypercalciuria in studies of 3 (47 ) or 15 d (48 ), Spencer and co-workers (15 ) have reported
adaptation that almost completely reversed an initial hypercalciuria in a single subject studied
for 72 d. Urinary calcium excretion by postmenopausal women, measured during the last 18 d
of 7-wk controlled diets (in a crossover design), does not differ between high and low meat diet
periods (14 ). The present results concurred with these latter studies (14 ,15 ) and suggest that
if early hypercalciuria occurred in response to the high meat diet, it was reversed by adaptation
within 3 wk, despite a more gradual adaptation in acid excretion (Table 4) . In contrast to meat
protein, with increased intakes of isolated protein sources for 75 (42 ) or 95 d (10 ), no
adaptation in renal acid excretion or hypercalciuria was observed. This difference in adaptation
may reflect differences in the protein source.” (Roughead et al. 2003).

Effects on Bone Health—
“Generally speaking, low-CHO diets also go hand in hand with an increased consumption of
animal protein. Depending on the protein source, its metabolism may impact on blood acidity
and calcium loss, because sulphur amino acids increase calcium, potassium, sodium and
ammonia loss because of a change in blood acidity. It has been shown that in short term, highprotein diets are not detrimental to bone (50) and that dietary protein increases circulating
insulin-like growth factor (IGF)-1, a growth factor believed to play an important role in bone
formation (51). Despite these observations, evaluation of the effects of chronically high dietary
protein intakes along with low-CHO dieting is required to evaluate its long-term safety.” (AdamPerrot et al.).
“We noted an increase in calcium excretion on VLCARB. This is in contrast to a reported
previous report from our group which showed that while weight loss was associated with
increased bone resorption on a higher protein diet (34% energy from protein) calcium excretion
decreased [44]. Metabolism of dietary protein (particularly fish, meat, and cheese) is associated
with acid generation, which can reduce blood pH and cause obligatory calcium losses whereas
metabolism of fruit, and vegetables (both of which were low in VLCARB) produces alkali, which
can partially ameliorate the effect of this acid [45, 46]. On the other hand, a protein intake
greater than 87 g/day is related to improved lower limb bone mass in elderly women. Calcium
intake on VLCARB was significantly higher than on VLF and not different to HUF. Hence the
possible adverse effects of long term use of VLCARB dietary patterns on bone mass remains
speculative.” (Noakes et al. 2006).
“Background: Low-carbohydrate high-protein (LCHP) diets are used commonly for weight
reduction. This study explores the relationship between such diets and acid-base balance,
kidney-stone risk, and calcium and bone metabolism. Methods: Ten healthy subjects
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participated in a metabolic study. Subjects initially consumed their usual non-weight-reducing
diet, then a severely carbohydrate-restricted induction diet for 2 weeks, followed by a
moderately carbohydrate-restricted maintenance diet for 4 weeks. Results: Urine pH decreased
from 6.09 (Usual) to 5.56 (Induction; P < 0.01) to 5.67 (Maintenance;P < 0.05). Net acid
excretion increased by 56 mEq/d (Induction; P < 0.001) and 51 mEq/d (Maintenance; P < 0.001)
from a baseline of 61 mEq/d. Urinary citrate levels decreased from 763 mg/d (3.98 mmol/d) to
449 mg/d (2.34 mmol/d; P < 0.01) to 581 mg/d (3.03 mmol/d; P < 0.05). Urinary saturation of
undissociated uric acid increased more than twofold. Urinary calcium levels increased from 160
mg/d (3.99 mmol/d) to 258 mg/d (6.44 mmol/d; P < 0.001) to 248 mg/d (6.19 mmol/d; P <
0.01). This increase in urinary calcium levels was not compensated by a commensurate increase
in fractional intestinal calcium absorption. Therefore, estimated calcium balance decreased by
130 mg/d (3.24 mmol/d; P < 0.001) and 90 mg/d (2.25 mmol/d; P < 0.05).Urinary
deoxypyridinoline and N-telopeptide levels trended upward, whereas serum osteocalcin
concentrations decreased significantly (P < 0.01). Conclusion: Consumption of an LCHP diet for
6 weeks delivers a marked acid load to the kidney, increases the risk for stone formation,
decreases estimated calcium balance, and may increase the risk for bone loss.” (Reddy et al.
2002).
“There is ample literature on metabolic effects of a high-protein diet alone, without a change in
fat or carbohydrate intake. High animal protein intake can confer a marked acid load,
exaggerate urinary stone risk factors (hypercalciuria, hyperuricosuria, low pH, and
hypocitraturia), and enhance the propensity for crystallization of stone-forming salts (calcium
oxalate and uric acid). High-protein diets also have been associated with negative calcium
balance and bone loss.” (Reddy et al. 2002).
“The objective of this study is to examine the effects of LCHP weight-reducing diets on acidbase balance, stone-forming propensity, and calcium metabolism in healthy individuals. Our
data show that such a diet provides an exaggerated acid load, increasing risks for renal calculi
formation and bone loss…These diets were associated with a striking increase in net acid
excretion by approximately 50 mEq/d, presumably derived from the combined effects of a highprotein and low-carbohydrate diet.Other changes in urinary biochemistry results related to the
acid load were also detected, including decreased urinary pH and citrate values and increased
urinary calcium levels. Acid load was adequately compensated because systemic metabolic
acidosis did not develop…The source of the increased acid load from an LCHP diet is likely
twofold. LCHP diets tend to be high in animal proteins that are rich in sulfur-containing amino
acids. Oxidation of sulfur to sulfate generates protons. In this study, LCHP diets had a much
greater content of sulfur and acid ash than the usual diet. A severe restriction of carbohydrates
may also cause production of keto-acids. Our data are consistent with previous reports showing
that high-protein diets deliver an exaggerated acid load…Implications from this study on longterm effects on stone-forming propensity and bone metabolism must be explored in a
prospective long-term trial. Nevertheless, this short-term metabolic study stresses that an LCHP
weight-reducing diet may enhance the risk for stone formation and bone loss.” (Reddy et al.
2002).
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“The acid-ash hypothesis posits that increased excretion of "acidic" ions derived from the diet,
such as phosphate, contributes to net acidic ion excretion, urine calcium excretion,
demineralization of bone, and osteoporosis…Twelve studies including 30 intervention arms
manipulated 269 subjects' phosphate intakes. Three studies reported net acid excretion. All of
the meta-analyses demonstrated significant decreases in urine calcium excretion in response to
phosphate supplements whether the calcium intake was high or low, regardless of the degree
of protonation of the phosphate supplement. None of the meta-analyses revealed lower
calcium balance in response to increased phosphate intakes, whether the calcium intake was
high or low, or the composition of the phosphate supplement. Conclusion
All of the findings from this meta-analysis were contrary to the acid ash hypothesis. Higher
phosphate intakes were associated with decreased urine calcium and increased calcium
retention. This meta-analysis did not find evidence that phosphate intake contributes to
demineralization of bone or to bone calcium excretion in the urine. Dietary advice that dairy
products, meats, and grains are detrimental to bone health due to "acidic" phosphate content
needs reassessment. There is no evidence that higher phosphate intakes are detrimental to
bone health.” (Fenton et al. 2009).
“The acid-ash hypothesis proposes that the modern diet causes osteoporosis since the quantity
of "acidic" ions (phosphate (PO4 ---), sulfate (SO4 --), chloride (Cl-) in the diet is greater than the
quantity of "alkaline" ions (sodium (Na+), potassium (K+), calcium (Ca++), and magnesium
(Mg++)) [2, 3, 4]. Under the hypothesis, these ions are summed in the following equation to
predict the potential renal acid load of the diet: (1.8PO4 --- + SO4 -- + Cl-) - (Na+ + K+ + 2Ca++ +
2 Mg++) [2]…Phosphate is considered to be the major dietary source of acid [2]. Many foods in
the modern diet are considered detrimental to bone health, under the acid-ash hypothesis, due
partially to their phosphate contents. These foods include meats, fish, dairy products [2, 5, 6, 7,
8, 9, 10], and grains [3, 4, 10], as well as many processed foods [3, 4, 10]…The foods that are
considered to protect skeletal mineral under this hypothesis are fruit and vegetables since
these foods supply organic molecules that are metabolized to bicarbonate and therefore are
considered "alkaline" [2, 3, 4, 10, 13, 14]…However, acid-generating diets are not detrimental
to whole body calcium balance [20]. This recent finding [20] raises doubt about the acid-ash
hypothesis which raises the additional question of whether an acid load from phosphate
contributes to the excretion of bone calcium and the development of osteoporosis.” (Fenton et
al. 2009).
“According to the acid-ash hypothesis, HP diets causes an excess acid load, which would be
neutralized by the release of bicarbonate ions from the bone matrix, a mechanism that is
accompanied by a loss of Na+, K+ and a small amount of Ca2+ (Green and Kleeman, 1991), and
consequently, the increase in bone resorption is reflected by the increase in urinary calcium
excretion (Barzel and Massey, 1998; Remer, 2000; Frassetto et al., 2001; New, 2003) (Table 4).
The acid load would also decrease osteoblastic activity and increase osteoclastic activity,
resulting in net bone resorption with mobilization of calcium (Bushinsky, 1989; Krieger et al.,
1992; Alpern and Sakhaee, 1997). However, no convincing experimental data support this
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theory…No clinical support for detrimental effects of protein intake on bone health. Protein
intake was shown to be positively correlated with bone mass in several skeletal sites in every
category of the population, from children to elderly men and women (Hirota et al., 1992;Geinoz
et al., 1993; Devine et al., 1995; Cooper et al., 1996; Feskanich et al., 1996; Teegarden et al.,
1998; Hannan et al., 2000; Sellmeyer et al., 2001; Whiting et al., 2002; Ilich et al., 2003; Alexy et
al., 2005; Budek et al., 2007; Chen et al., 2007; Chevalley et al., 2008; Thorpe et al.,
2008)…There is some evidence that the beneficial effect of protein intake on bone mineral
mass is better expressed when supplies of both calcium and vitamin D are adequate (Heaney,
2001, 2002; Dawson-Hughes, 2003)….Furthermore, maintenance of adequate bone strength
and density with aging is highly dependent on the maintenance of adequate muscle mass and
muscle mass is in turn dependent on adequate intake of high-quality protein (Wolfe, 2006;
Heaney and Layman, 2008).” (Calvez et al. 2012).
“Dietary phosphate is considered to be the major source of excreted acid, followed by sulfate
derived from protein [2]…No studies have evaluated the effect of grain foods on bone
health…Considering that this study has not upheld the concept that higher intakes of phosphate
are detrimental to bone mineral maintenance, the consideration of meats, grains and dairy
products as detrimental to bone health on the basis of their phosphate content must be
questioned. Additionally, these foods that produce acid on metabolism are important sources
of nutrients that are important for bone health, including calcium [81] (dairy products), protein
[82, 83] (dairy products and meats), and vitamin D [84] (some dairy products).” (Fenton et al.
2009).
“Purpose of review: Update recent advancements regarding the effect of high-animal protein
intakes on calcium utilization and bone health.
Recent findings:
Increased potential renal acid load resulting from a high protein (intake above the current
Recommended Dietary Allowance of 0.8 g protein/kg body weight) intake has been closely
associated with increased urinary calcium excretion. However, recent findings do not support
the assumption that bone is lost to provide the extra calcium found in urine. Neither whole
body calcium balance is, nor are bone status indicators, negatively affected by the increased
acid load. Contrary to the supposed detrimental effect of protein, the majority of
epidemiological studies have shown that long-term high-protein intake increases bone mineral
density and reduces bone fracture incidence. The beneficial effects of protein such as increasing
intestinal calcium absorption and circulating IGF-I whereas lowering serum parathyroid
hormone sufficiently offset any negative effects of the acid load of protein on bone health.
Summary:
On the basis of recent findings, consuming protein (including that from meat) higher than
current Recommended Dietary Allowance for protein is beneficial to calcium utilization and
bone health, especially in the elderly. A high-protein diet with adequate calcium and fruits and
vegetables is important for bone health and osteoporosis prevention.” (Cao & Nielsen, 2010).
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“Protein is the major structural constituent of bone (50% by volume) and dietary protein is
essential for bone formation because a substantial amount of bone collagen amino acids
produced during bone turnover cannot be reutilized. Protein, especially from animal sources,
also is a source of metabolic acid [1] because it contains sulfur amino acids that generate
sulfuric acid. Consequently, for several decades the production of metabolic acid by modern
high-protein Western diets was thought to promote calcium mobilization from the skeleton and
be detrimental to bone health [2,3]. This thought was strengthened by the finding that highprotein diets increased urinary calcium excretion. Therefore, diets with high amounts of
protein, especially from animal sources rich in the sulfur amino acids (cysteine and methionine),
often have been considered a risk factor for osteoporosis and bone fractures [4].” (Cao &
Nielsen, 2010).
“The acid – base balance in the body, which is modifiable by food or diets, influences calcium
metabolism [8]…The dietary potential renal acid load is calculated by determining the counterbalance of the acidic potential of dietary protein and phosphorus by dietary alkaline potassium,
calcium, and magnesium [9].
Low-grade, or mild metabolic acidosis induced by diet may have a negative effect on bone by
enhancing bone resorption. It has been proposed that in response to an acid challenge, the
skeleton supplies buffer by releasing calcium carbonate through active bone resorption, in
addition to the kidneys reabsorbing less calcium; con- sequently, urinary calcium excretion is
increased [10]. Low-grade or mild metabolic acidosis can reduce the pH and bicarbonate
concentration in bone resorbing osteoclasts, which promotes their adhesion to bone resorptive
sites and the secretion of H+. Additionally, the metabolic acidosis suppresses the activity of the
bone-forming osteoblasts [10]. Diet-induced metabolic acidosis and net acid excretion are
closely related to the quantity of calcium excreted in urine. In a meta-analysis, Fenton et al. [11]
examined 25 studies in which acid – base balance was manipulated through foods or
supplemental salts and reported the changes of net acid and calcium excretion by healthy
adults. Their analysis resulted in the estimation that a change in 47 mEq (mmol) of net acid
excretion is associated with 66 mg (1.65 mmol)/day of calcium in acidic urine [11].
Counteracting acidosis with base-forming minerals, such as potassium bicarbonate, has been
shown to decrease the urinary calcium excretion attributed to high-protein intake [12 – 14]. In
a double-blind, controlled trial, potassium bicarbonate supplementation lowered urinary
calcium excretion and bone resorption in older men and women [15]. In another study, the oral
administration of potassium bicarbonate to postmenopausal women neutralized endogenous
acid, improved calcium balance, and increased serum osteocalcin (a bone formation biomarker)
concentrations and decreased urinary hydroxyproline (a bone resorption biomarker) excretion
[12]…Diets or foods that increase the potential renal acid load do not necessarily increase
urinary calcium excretion or bone resorption. For example, increased intake of phosphate,
which contributes to the dietary acid load [8], should increase urinary calcium excretion
according to the acid-ash hypothesis. However, based on a meta-analysis of 12 intervention
studies, Fenton et al. [19] found that higher phosphate intakes were actually associated with
decreased urinary calcium excretion and increased calcium retention, and concluded that there
is no evidence that higher phosphate intakes are detrimental to bone health.
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Although increasing dietary acid load promotes calcium loss in urine, many studies have shown
that it does not affect whole body calcium balance nor contribute to osteoporosis
development. A meta-analysis by Fenton et al. [20] showed that neither calcium balance nor
the bone resorption marker, N-telopeptides, was affected by diet-induced changes in renal net
acid excretion despite a significant linear relationship between an increase in renal net acid
excretion and urinary calcium.” (Cao & Nielsen, 2010).
“The assumed detrimental effects of protein on bone health have been mainly based on
observations that high-protein intakes increased renal acid and urinary calcium excretion
[21,22], especially when increased amounts of purified proteins were ingested [23]. It was
estimated that each gram increase in dietary protein would result in a 1 mg (25 mmol) increase
in urinary calcium excretion [24]. This finding led to the thought that the urinary calcium
increase meant a loss of calcium from bone or bone demineralization. If bone were the source
of increased urinary calcium, one would expect that long-term high-protein intakes would have
a profound negative effect on the skeleton and would lead to decreased bone mineral density
and mass. In contrast to this expectation, a majority of epidemiological studies involving this
concern have clearly shown that long-term high-protein intake is actually associated with
increased bone mineral density [25 – 27]; only a few studies found negative associations [28]. In
the Framingham Osteoporosis Study of 391 women and 224 men, higher dietary protein intake
was positively associated with less bone loss at femoral and spine sites [27]. Additionally, a
prospective study involving 229 healthy children and adolescents aged 6 – 18 years, where
adjustment was made for age, sex, and energy intake, and which controlled for forearm
muscularity, BMI, growth velocity, and pubertal development, long-term (4-years) dietary
protein intake was positively associated with periosteal circumference, cortical area, bone
mineral content, and polar strength strain index [26]. Data from a recent longitudinal study of
560 young women aged 14 – 40 years suggested that a higher protein intake (in the upper
range of typical protein consumption in the USA) does not have an adverse effect on bone
mineral density [29]. In a systematic review and meta-analysis, Darling et al. [30] found that
protein intake was positively associated with lumbar spine bone mineral density in randomized
placebo-controlled trials and in cross-sectional surveys.” (Cao & Nielsen, 2010).
“With obesity growing in prevalence around the world, weight reduction is recommended to
reduce obesity-associated chronic disorders. However, studies show that bone loss often occurs
with weight loss [31]. A high-protein diet, an often recommended dietary means for weight loss
and weight maintenance, has been shown to reduce bone mineral content loss associated with
weight loss [32].” (Cao & Nielsen, 2010).
“…short-term high meat diets did not affect whole body calcium retention [33] and high intakes
of animal protein have been found significantly associated with increased bone mineral density
or reduced hip fracture [25,27,34]. Furthermore, a negative association between vegetable
protein and bone mineral density was observed in both sexes [25], and elderly women on a
vegetarian diet were found to be at higher risk of osteoporosis development than nonvegetarian women [35].” (Cao & Nielsen, 2010).
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“Epidemiological observations that a high-protein intake is associated with greater bone
mineral density [25– 27,34] have discounted the thought that bone is the major source of
increased urinary calcium with increased protein intake. Accumulating data suggest that the
increased urinary calcium excretion may be the result of increased calcium absorption rather
than increased bone resorption. Well controlled human trials with calcium isotopes have shown
that a high-protein intake increases intestinal calcium absorption [33,37,38], and such an
increase in intestinal calcium absorption apparently offsets protein-induced hypercalciuria.
Using dual stable calcium isotopes, Kerstetter et al. [37] found that a high-protein diet (2.1 g/kg
body weight) increased intestinal calcium absorption by 8% when compared with a moderate
protein diet (1.0g/kg body weight) fed to women. Using radioisotope and whole-body counting,
Hunt et al. [38] found that high-dietary protein (mainly meat) increased calcium retention in
postmenopausal women with a normal calcium intake (675 mg/day).” (Cao & Nielsen, 2010).
“The observed beneficial effects of high-protein intakes, including that provided by meat, on
bone may be partially the result of increased circulating concentration of IGF-I [38,39 – 41], a
potent anabolic agent that stimulates bone formation and increases bone mass, in addition to
providing amino acid substrates for building the bone matrix [42]. High protein, or meat, intake
also may positively affect bone metabolism through lowering serum parathyroid hormone
(PTH) [43]…The relationship between meat intake and bone health is apparently dependent on
other dietary and physiological (e.g., muscle maintenance or accretion) factors. A dietary factor
that may influence the effect of protein on calcium metabolism and bone health is calcium
intake…Reduction of dietary acid load by high intakes of foods rich in potassium and
bicarbonate (acid buffering) such fruits and vegetables also may assure that a high protein or
meat intake is beneficial rather than detrimental to bone health [48].” (Cao & Nielsen, 2010).
“Conclusion—Although a high meat or protein intake increases renal acid load and urinary
calcium excretion, recent findings do not support the claim that bone is the source of the extra
calcium lost in urine. In addition, evidence is lacking that shows high-protein intakes, including
that from animal sources, affect whole body calcium balance or contribute to osteoporosis
development and fracture risk.
Apparently increased calcium absorption, elevated circulating IGF-I, and decreased serum PTH
compensate for any negative effect of acid load associated with a high- protein intake may have
on bone health (Fig. 1). Thus, the calciuretic effect of protein should not be accepted as a
concern that would necessitate the recommendation to decrease protein or meat intake. Such
a recommendation would be contrary to findings that increased protein with adequate calcium
intake and a balanced diet providing sufficient alkalinizing fruits and vegetables can be
beneficial to bone health.” (Cao & Nielsen, 2010).
“Earlier short-term metabolic studies on this topic suggested that protein intake may be
harmful for bone health because of its calciuric effect [3]. However, studies over the last
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decade suggest that dietary protein is beneficial to bone and this may be most apparent
when calcium intake is optimal[4,5]. A higher protein diet increases insulin-like growth
factor-1 (IGF-1, a key mediator of bone health), increases intestinal calcium absorption,
suppresses parathyroid hormone, and improves muscle strength and mass, all of which
may benefit the skeleton [6▪]….Although it was once thought that the acid generating
components of a high protein diet were detrimental to bone, an updated review of the
literature shows greater protein intake is not harmful to bone. The most recent research
suggests the potential positive impact of dietary protein on bone health may be
apparent under conditions of adequate calcium intake.” (Mangano, Sahni, & Kerstetter
2014).
(Cao & Nielsen, 2010).
“This study’s results were consistent with previous observations that coingested phosphorus
offsets the hypercalciuric effect of protein, possibly through a PTH-mediated mechanism (49 ),
and that net calcium balance is not reduced (14 –16 ,18 ,50 ). Our calcium retention results
were in contrast to the observation, using less controlled protein intakes with subsequent
statistical correction of dietary variables, that phosphorus in meat increases endogenous fecal
calcium loss (20 ,51 ). The 8 wk of controlled diets in the current study allowed evaluation of
calcium retention as a function of both absorption and excretion, after allowing 4 wk for dietary
adaptation, and with a constant intake of other factors that may affect calcium retention, such
as sodium and caffeine (28 ). In this study, the higher urinary excretion of sodium and
potassium (Table 4) suggests that cations other than calcium may be involved in the renal
handling of the extra acid ash produced by a high meat diet.
The conclusion that a high meat diet did not adversely affect the net calcium retention is
further supported in this study by the absence of changes in clinical indicators of bone
formation and resorption and by several cross-sectional studies that indicated a positive
association between dietary protein intake and bone health (21 ,23 ,52 –56 ). This is in contrast
to short-term (4 d) observations of increased bone resorption, as indicated by hypercalciuria
and increased urinary telopeptide, in women who consumed a high protein diet (57 ) or when
meat protein was compared to other protein sources (58 ). The present results emphasize the
need to allow time for adaptation when investigating changes in protein intake.
In summary, using controlled diets and whole body counting tracer methodology with
supportive clinical chemistry, this study indicates that adding meat to the diet does not
adversely affect calcium retention and bone metabolism in postmenopausal women. These
findings are in contrast to the long-standing belief that a high meat intake negatively affects the
body’s calcium status and thus bone health.” (Roughead et al. 2003).
“High-protein (HP) diets exert a hypercalciuric effect at constant levels of calcium intake, even
though the effect may depend on the nature of the dietary protein. Lower urinary pH is also
352

consistently observed for subjects consuming HP diets. The combination of these two effects
was suspected to be associated with a dietary environment favorable for demineralization of
the skeleton. However, increased calcium excretion due to HP diet does not seem to be linked
to impaired calcium balance. In contrast, some data indicate that HP intakes induce an increase
of intestinal calcium absorption. Moreover, no clinical data support the hypothesis of a
detrimental effect of HP diet on bone health, except in a context of inadequate calcium supply.
In addition, HP intake promotes bone growth and retards bone loss and low-protein diet is
associated with higher risk of hip fractures.” (Calvez et al. 2012).
“The effect of proteins also depends on the presence of other nutrients in the diet (Table 5).
High intakes of fruits and vegetables are associated with bone health in adult and elderly men
and women(New et al., 1997, 2000; Tucker et al., 1999, 2001; New, 2002, 2003; Hardcastle et
al., 2011) and with a reduced risk of stone formation in high-risk patients (Trinchieri et al., 2006;
Taylor et al., 2010). This beneficial effect of fruits and vegetables is probably due to their high
content in potassium and magnesium…Although HP diets induce an increase in net acid and
urinary calcium excretion, they do not seem to be linked to impaired calcium balance and no
clinical data support the hypothesis of a detrimental effect of HP diet on bone health, except in
the context of inadequate calcium supply. Thus, it is more likely that excess urinary calcium
excretion with HP diets does not originate from bone calcium loss but from an increased
intestinal absorption. The increase of acid and calcium excretion due to HP diets is also accused
of constituting a favorable environment for kidney stones and renal diseases, but no damaging
effect of HP diets on kidney has been found in healthy subjects and HP diets might be
deleterious only in patients with a preexisting metabolic renal dysfunction. However, HP diets
often contain low amounts of fruits and vegetables, which yet appear to be beneficial to bone
health and kidney function.” (Calvez et al. 2012).

An increased consumption of meat has been associated with a greater incidence of colorectal
cancers—
“As low-CHO dieting is often associated with increased consumption of meat, it should be
noted that a potential link between increased intakes of meat and the incidence of colorectal
cancers has been observed in some epidemiological studies (66–68). Thus, it has been shown
that a daily increase of 100 g of all meat or red meat is associated with a significant 12–17%
increased risk of colorectal cancer (69).” (Adam-Perrot et al.).

High Protein Diet & Pregnancy—
“From 1952 to 1976 in Motherwell, Scotland, pregnant women (n = 626) were advised to eat 1
pound (0.45 kg) of red meat/d and to avoid carbohydrate-rich foods to prevent preeclampsia
(17). This HP diet provided 24.5%E from protein compared with 13.6%E in the usual Scottish
diet (17). It was associated with reduced fetal growth (18), elevated offspring blood pressure at
27–30 y (17), and increased cortisol secretion in response to psychological stress in offspring at
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36 y (19). This supports the Aberdeen study findings of elevated blood pressure in offspring
whose mothers had consumed a high-animal-protein, low-carbohydrate diet in late pregnancy
(13). Hence, HP supplementation/diets during pregnancy are not advised (16).” (Blumfield &
Collins, 2014).

IN MICE
Summary: In mice, a high fat ketogenic diet (fat ~90% total kcal) was shown to increase
longevity, motor function (strength and coordination), memory, and prevented an increase in
age-related markers of inflammation.
“A recent mouse study at the UC Davis School of Veterinary Medicine sheds light on those
questions by demonstrating that a high fat, or ketogenic, diet not only increases longevity but
also improves physical strength.
"The results surprised me a little," said nutritionist Jon Ramsey, senior author of the paper that
appears in the September issue of Cell Metabolism. "We expected some differences, but I was
impressed by the magnitude we observed -- a 13 percent increase in median life span for the
mice on a high fat vs high carb diet. In humans, that would be seven to 10 years. But equally
important, those mice retained quality of health in later life.”
“In addition to significantly increasing the median life span of mice in the study, the ketogenic
diet increased memory and motor function (strength and coordination), and prevented an
increase in age-related markers of inflammation. It had an impact on the incidence of tumors as
well.”
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