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Saturated fats: what dietary intake?'™>

J Bruce German and Cora J Dillard

ABSTRACT

Public health recommendationsfor the US population in 1977 were
toreducefat intaketo aslow as30% of caloriestolower theincidence
of coronary artery disease. These recommendations resulted in a
compositional shift in food materials throughout the agricultural
industry, and the fractional content of fats was replaced principally
with carbohydrates. Subsequently, high-carbohydrate diets were
recognized as contributing to the lipoprotein pattern that character-
izes atherogenic dyslipidemia and hypertriacylglycerolemia. The
rising incidences of metabolic syndrome and obesity are becoming
common themes in the literature. Current recommendations are to
keep saturated fatty acid, transfatty acid, and cholesterol intakes as
low aspossiblewhile consuming anutritionally adequatediet. Inthe
face of such recommendations, the agricultural industry is shifting
food composition toward lower proportions of al saturated fatty
acids. To date, no lower safe limit of specific saturated fatty acid
intakes has been identified. This review summarizes research find-
ings and observations on the disparate functions of saturated fatty
acidsand seeksto bring amore quantitative balanceto the debate on
dietary saturated fat. Whether a finite quantity of specific dietary
saturated fatty acids actually benefits health is not yet known. Be-
cause agricultural practices to reduce saturated fat will require a
prolonged and concerted effort, and because the world is moving
toward more individualized dietary recommendations, should the
steps to decrease saturated fatty acids to as low as agriculturaly
possiblenot wait until evidence clearly indicateswhich amountsand
types of saturated fatty acidsare optimal ? AmJ Clin Nutr 2004;
80:550-9.
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INTRODUCTION

The study of lipids and their major structural elements, the
fatty acids, remains one of the most enigmatic research fieldsin
biology and nutrition. As a specific component in the diet, fat
provides essentia fatty acids and dissolves and assists in the
absorption of fat-solublevitaminsand essential nutrients. Fatsin
the diet also produce metabolic effects that are a complex con-
sequence of fat content, fatty acid composition, timing, and in-
dividual variation. Fatty acids are required not only for mem-
brane synthesis, modifications of proteins and carbohydrates,
construction of various structural elementsin cells and tissues,
production of signaling compounds, and fuel, but aso for solu-
bilizing a variety of nonpolar and poorly soluble cellular and
extracellular constituents.

In the absence of sufficient dietary fat, the body is apparently
capableof synthesizingthesaturated fatty acidsthat it needsfrom
carbohydrates, and these saturated fatty acids are principally the
same onesthat are present in dietary fats of animal origin. How-
ever, not all saturated fatty acids are the same molecule. Recent
compositional analyses have shown remarkable specificities for
particular saturated fatty acidsin cellular compartments (1). Be-
cause the biosynthetic pathwaysfor each lipid differ and because
the specificity of the enzymes that metabolize fatty acids varies
significantly, it has been difficult to assign specific functions to
particular fatty acids by examining the phenotypes of animalsor
humans when they are deficient in even the essential polyunsat-
urated fatty acids, eg, linoleic acid. Most of what isknown about
the functions of fatty acids is fragmented and biased by the
assumptions made within the experimental investigations in
which the fatty acids were studied. Thisbiasis particularly true
for studies of the saturated fatty acids, most of which have been
examined solely for their tendency to alter lipoprotein metabo-
lismandtoinfluencetheconcentrationsof lipoproteinsthat carry
cholesterol in blood.

The complexity of structure and diversity of function of all
fatty acids in biological cells and tissues remain poorly under-
stood. Inonly afew biological situations havethe actions of fatty
acids been well described, and scientific knowledge of the struc-
tures and functions of biological lipids is narrow. Research on
fatty acids consumed in the diet has focused principally on their
role in lipoprotein metabolism, athough how saturated fatty
acids increase lipoprotein cholesterol is not completely under-
stood at themol ecular level, and which saturated fatty acidshave
this capacity is still being debated. However, the evidence that
dietary saturated fats generally increase blood cholesterol con-
centrations is the basis for recommendations to decrease the
intake of saturated fats (2, 3). Thedecisionto focusontherole of
saturated fat in the diet and on lipid metabolism is reasonable
given the cost of cholesterol-related diseases in the popul ation.
However, the apparent breadth of studies of saturated fats and
lipid metabolism should not obscure the fact that little is known
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about metabolic aspects of individual dietary saturated fatty ac-
ids. Although both clinical and epidemiol ogic evidenceindicates
that diets inordinately rich in saturated fats are deleterious to
health, thereisstill the question of what themost heal thful overall
mixture of thedifferent classesof dietary fatsis. Theagricultural
enterprise and food industries are being guided by recommen-
dations to the public to decrease saturated fatty acid contents as
low as possible. The response has been gradual but continuous,
and saturated fats are disappearing from the food supply. How
low should saturated fatty acids in the diet go? This review
summarizes avariety of research findings and biological obser-
vations on the disparate functions of saturated fatty acids and
seeks to bring balance to the debate on dietary saturated fat.

RECOMMENDATIONS FOR INTAKE OF DIETARY
FATS

Reduction in fat intake

In 1977 public health recommendationsto reducetheintake of
fat weremadefor the US popul ation, especially adults, and some
recommendations were for a reduction in total fat to <30% of
calories (4). In the American Heart Association Step | and Step
I1 diets, the percentagesof caloriesfrom total fat were 28.6% and
25.3%, respectively, and the percentages of calories from satu-
rated fat were 9% and 6.1%, respectively. Step | and Step |1 diets
were recommended for treatment of high blood cholesteral. Ini-
tial dietary recommendations for patients consuming the Step |
diet were similar to those advocated by the American Heart
Association. However, 40 y after the much-cited Framingham
Heart Study was carried out, persons with high triacylglycerol
concentrations (>1.7 mmol/L) and low HDL-cholesterol con-
centrations (<1.03 mmol/L) were reported to have a signifi-
cantly higher rate of coronary artery disease (CAD) than were
persons with lower triacylglycerol and higher HDL-cholesterol
concentrations (5). In addition, studies on the long-term health
benefitsof consuming alow-fat diet—particul arly after variation
in human responsesistaken into account—arelacking, and low-
fat dietshave been shown to exert apotentially del eterious effect
on lipoprotein profilesin some persons (6, 7). Asan example, in
astudy 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% fromfat and 15% from protein), the 60%-carbohydrate diet
resulted in higher fasting plasma triacylglycerol, remnant li-
poprotein, and remnant lipoprotein triacylglycerol and lower
HDL cholesterol without changing LDL-cholesterol concentra-
tions. These dietswere consumed in random order for 2wk, with
a 2-wk washout period between them. The effect of the low-fat
diet was not limited to higher fasting plasmatriacylglycerol and
lower HDL cholesterol, but alsoincluded apersistent elevationin
remnant lipoproteins (8). These findingsled the investigators to
question whether it is wise to recommend that al Americans
replace dietary saturated fat with carbohydrate.

Individual response to low-fat diets

A key factor that isoften not taken into account in studiesof the
responseto dietary fatsisindividual variation. Within a popula-
tion of hypercholesterolemic subjects, groups of consistent hy-
perrespondersand minimal responders arise as aconsequence of
changing dietary saturated fat intake, and this phenomenonisnot

explained by the dietary compliance of the subjects (9). In con-
sistent responders, changes in total cholesterol in response to
increasing dietary saturated fat correlate with baseline choles-
terol ester transfer activity, total cholesterol, triacylglycerols,
and apolipoprotein (apo) B (9). Men and women differ in their
response to dietary fat changes. This was shown by a greater
response of total plasmacholesterol to adecreasein theintake of
saturated fat in men than in women (10, 11). There are aso
differential responsesin personswho consumelow-fat diets (12)
and in persons with different levels of cardiorespiratory fitness;
thelatter result might be explained by reduced hepatic fatty acid
and lipoprotein synthesisand enhanced muscular lipid utilization
in the physically active subjects who exhibited a higher level of
fitness (13). A series of studies showed that very-low-fat (10%),
high-carbohydrate diets enriched in simple sugars increase the
synthesisof fatty acids, especially pal mitate, and that differences
between subjects in increased triacylglycerol concentrations
vary considerably (14). The results led the investigator to con-
clude that public health recommendations to reduce dietary fat
must take into account the highly variable effects that different
carbohydrates may have on increasing plasma triacylglycerol
and fatty acid synthesis. These differences in response are ex-
amples of why it is important to take into account individual
differences in response to both dietary fat and carbohydrates
when studies of the effects of either low-fat diets or diets with
reduced saturated fat or studies of the effects of specific dietary
saturated fatty acids are pursued.

Aftermath of dietary recommendations to decrease fat
intake

To assist the public in following the guidelines for a lower
intake of dietary fats, the food industry reformul ated commaodi-
tiesand processed foods. Despite these changesin the food sup-
ply, theresultsof the National Health and Nutrition Examination
Survey data-collection studiesintheUSindicatethat thereplace-
ment of dietary fat with dietary carbohydratefailed toreversethe
trend of an increasing incidence of obesity in the population.
Although areduction in dietary fat is logically matched to in-
creased dietary carbohydrate, therole of carbohydratesinweight
gainisunclear. However, carbohydrates increase blood glucose
concentrations, which stimulates insulin release, which in turn
promotes the growth of fat tissue that can cause weight gain.
Increased obesity isassociated with the metabolic syndrome and
hypertriacylglycerolemia, arecognized atherogenic risk (15-18;
for review see reference 19).

Because of the changing emphasis in the fields of diet and
health to include the tendency of populationsto develop chronic
diseases such as heart disease, obesity, and cancer, for the past
15y, dietary fat has been considered by the scientific community
and the public to be ahealth problem. Despite the long-standing
recommendations about diet, many reports stress that thereisa
widespread epidemic of obesity (20, 21). Still, many investiga-
tors claim that the global obesity epidemicisaresult of environ-
mental factors (21), including dietary fat (22), supersized por-
tions(23), insufficient energy expenditure (20), and social causes
(24). Such hypotheses are the basis of sound scientific debate;
however, they are not the basis of sound public health policy.

Controversy over saturated fat intake

Intheaverage American diet, 34.3% and 15% of calorieswere
calculated to come from total fat and saturated fat, respectively
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(25), athough according to the third National Health and Nutri-
tion Examination Survey (26) and information from the US De-
partment of Agriculture (27), an average of only 12% of calories
is derived from saturated fat. High-fat diets usually mean in-
creased intakes of saturated fat. 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
achieveanutritionally adequate diet that has no saturated fat (3).

Controversy exists about the roles that dietary fat and choles-
terol play intherisk of heart disease. Confounding factorsinflu-
ence the interpretation of results of epidemiologic studies. For
example, over the years, France and Finland—populations that
have similar intakes of cholesterol and saturated fat— have con-
sistently had very different mortality ratesfrom CAD (29). Some
epidemiologic evidence suggests that consumption of high
amounts of saturated fat and cholesterol lead to high blood cho-
lesterol and thusto an increased risk of heart disease (for review
see reference 30). Reviews of studiesthat linked dietary choles-
terol and fatsand high serum cholesterol with atherosclerosisand
cardiovascular disease aptly pointed out that the results of the
epidemiol ogic and experimental studiesareinconclusiveor even
contradictory (31-33). The conclusion of an analysis of the his-
tory and politics behind the diet-heart hypothesis was that after
50y of research, therewasno evidencethat adiet low in saturated
fat prolongslife(34). Thepropositionthat dietary fat isunhealthy
isbased onthefact that highintakesof saturated fat elevate blood
cholesterol and thus increase the incidence of atherosclerosis,
which thenincreasestherisk 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 seerefer-
ence 19), homocysteine (37), C-reactive protein (38, 39), lack of
exercise (40), high blood pressure (41), afamily history of heart
disease (42), oxidative stress (43), smoking (for review see ref-
erence 44), and obesity and diabetes (45, 46).

Tissue accumulation of fatty acids

In the utilization of fats as fuel, there is selectivity in the
partitioning of specific fats between oxidation and storage in
adipose tissue. The fatty acid composition of adipose tissue in
personswith widely varying dietary intakesisrelatively similar.
In studiesof theinfluenceof dietary composition on adiposefatty
acids, dietary intake determined <25% of thevariancein adipose
fatty acid composition (47). Nevertheless, diet does influence
tissue composition, and recent studies showed that certain fatty
acids in adipose tissue are effective biomarkers of specific di-
etary fatty acidintake (48). For example, 15:0and 17:0inadipose
reflect dairy intake, and n—3 fatty acids (18:3 and 22:6) reflect
fish intake. Dietary and adipose n—6 fatty acids are correlated,
and the best indicatorsof total transfatty acidintakearecis,trans
18:2n—6 and trans,cis 18:2n—6, whereas 18:1 and 16:1 trans
fatty acids are the next best indicators. Although it is commonly
believed that saturated fats and dietary cholesterol are the lipids
that accumulatein arteries and that thisaccumulation isafurther
rationalefor decreasing all saturated fatty acidsindiets, thisisnot
necessarily true. Excessive n—6 polyunsaturated fatty acid

(PUFA) intake from refined vegetable oils has a so been impli-
cated as contributing to cancer and heart disease, and arterial
plague is primarily composed of unsaturated fats, particularly
polyunsaturated fats, and not saturated fat (49). A recent study
found that in healthy persons, the intake of fish oil, which
contains long-chain n—3 fatty acids, decreased both fasting
and postprandial triacylglycerol concentrations but increased
LDL-cholesterol concentrationsirrespective of whether the diet
was rich in saturated fatty acids or in monounsaturated fatty
acids (50). Although evidence suggests that unsaturated fatty
acids may protect against atherosclerosis, the replacement of
monounsaturated fatty acids with PUFAs in low-fat, high-
carbohydrate dietswas suggested asbeing prematureonthebasis
of detrimental effects observed in anima models (51). Other
investigators recommend that the daily intake of PUFAS should
not be >10% of total energy (52). If balance and reason areto be
applied to intakes of monounsaturated fatsand PUFAS, the same
cautionary perspectives should be applied to saturated fats.

EVOLUTIONARY PERSPECTIVE ON DIET

A possible consideration in addressing the question of what
constitutes the best diet for humansiswhat they ate during their
evolution. Over the past 2.5 million years, humans have evolved
as hunter-gatherers and have been carnivorous hunters from the
Paleolithic Age. Expertson Paleolithic nutrition say that humans
have eaten animal products for most of their existence on earth
(53-55). Therefore, humans have consumed saturated fatty acids
for their entire existence. Although the genetic profile of humans
was programmed with the Paleolithic diet (56), this diet was
characterized by lower amounts of total fat, saturated fat, and
trans fatty acids than those found in the modern Western diet.
Animal food provided the dominant (65%) energy source, and
plant foods constituted the remainder (35%) (53). Even though
hunter-gatherersrelied on animal-based foods, the diet consisted
of high dietary protein (19-35% of energy) and low dietary
carbohydrate (22—-40% of energy). These diets had relatively
high amounts of monounsaturated fatty acids and PUFAsand a
lower ratio of n—6 to n—3 fatty acids. Because Darwinian se-
lection pressure was probably exerted on evolving prehumans
and early humans via health issues other than heart disease, it is
possible that health issues that are not currently well assessed
with respect to fats, such as resistance to infection, have a sen-
sitivity to types of dietary fat that is different from that of heart
disease.

MODERN APPROACH TO HUMAN DIETS

Nutrition is a continuously evolving field of study. All the
essential nutrients are now known, and recommendations on
what constitutes a healthy diet, not for individuals but for the
entire human population, have been developed. In 1992, the US
Department of Agriculture released The Food Guide Pyramid,
which was updated in 1996 (57, 58). This guide was developed
to educate the American public about dietary choicesthat would
maintain good health. This guide was based in part on the “lipid
hypothesis’ that thereis adirect relation between the amount of
saturated fat and cholesterol inthediet and theincidence of CAD
(59). However, over the past decade, evidence on the soundness
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of this guide has been emerging. This guide promoted the con-
sumption of complex carbohydrates and recommended that ev-
eryone, regardless of variations among individuals in the popu-
lation, limit total fat intake to ~30% of calories. Although the
most recent recommendationsarefor al adultstolimit theintake
of saturated fats to <10% of calories, the Institute of Medicine
(60) summarized the 2002 Food and Nutrition Board recommen-
dations asfollows:

Saturated fatty acids, transfatty acids, and dietary cholesterol
have no known beneficial rolein preventing chronic disease and
are not required at any level in the diet . .. Both types of fat
heighten therisk of heart disease in some people by boosting the
level of harmful, low-density cholesterol inthebloodstream; this
occurs even with very small quantitiesin the diet. Sincethereis
nointakelevel of saturated fatty acids, transfatty acids, or dietary
cholesterol at which thereis no adverse effect, no UL (sic upper
limit) isset for them; instead, therecommendationisto keeptheir
intake as low as possible (emphasis added) while consuming a
nutritionally adequatediet, asmany of thefoods containing these
fats also provide valuable nutrients.

These recommendations were made even though the Dietary
Guidelines Advisory Committee (2) clearly stated that “. .. no
lower limit of saturated fat intake has been identified.”

HEALTH EFFECTS OF SATURATED FATTY ACIDS

The approach of many mainstream investigators in studying
theeffect 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, overal, dietary
intervention by lowering saturated fat intake does not lower the
incidence of nonfatal CAD; nor does such dietary intervention
lower coronary diseaseor total mortality (31, 61). Unfortunately,
the overwhelming emphasis on the role of saturated fats in the
diet and therisk of CAD hasdistracted investigators from study-
ing any other effects that individual saturated fatty acids may
haveonthebody. If saturated fatty acidswere of no valueor were
harmful to humans, evolution would probably not have estab-
lished within themammary gland the meansto produce saturated
fatty acids—butyric, caproic, caprylic, capric, lauric, myristic,
palmitic, and stearic acids—that provideasource of nourishment
to ensure the growth, development, and survival of mammalian
offspring.

Fatty acids are essential parts of al body tissues, where they
are amajor part of the phospholipid component of cell mem-
branes. Saturated fatty acids have been suggested to be the pre-
ferred fuel for the heart (62). Fatty acids are used as a source of
fuel during energy expenditure, and heavy exerciseisassociated
with decreasesinthe plasmaconcentrationsof all freefatty acids.
In light exercise, fat metabolism may be controlled to favor
adiposetissuelipolysisand extraction of freefatty acidsfromthe
circulation by muscle, whereasin heavy exercise, adiposetissue
lipolysis is inhibited and hydrolysis of muscle triacylglycerols
may play amoreimportant part (63). In the absence of sufficient
dietary fat, the body synthesizesthefatty acidsthat it needsfrom
carbohydrates. Themajor fatty acid synthesized denovo viafatty
acid synthase is palmitate, which undergoes elongation involv-
ing acyl-CoA and malonyl-CoA to form longer-chain saturated
fatty acids. Desaturation via fatty acyl-CoA desaturases intro-
ducesunsaturation at C4, C5, C6, or C9. Thelack of capability to

desaturate past C9 makes dietary linoleic acid an essential fatty
acid (for review see reference 64). Synthesis of palmitic acid is
also increased by consumption of very-low-fat dietswith ahigh
ratio of sugar to starch (14).

Based on the controversy over the effectsof fat in thediet, the
question most often addressed is, What are the relative choles-
terolemic effects of the major saturated fatty acids in the diet?
However, theevidence suggeststhat caproic, caprylic, and capric
acidsareneutral with respect to chol esterol-increasing properties
and their ability to modulate LDL metabolism; lauric, myristic,
and pamitic 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 seereference 67). However, there
is evidence that the increase in chlolesterol is related to an in-
crease 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. Some of these
roles are briefly discussed below.

Butyric acid

Short-chainfatty acidsarehydrolyzed preferentially fromtria-
cylglycerols and absorbed from the intestine to the portal circu-
lation without resynthesis of triacylglycerols. These fatty acids
serveasaready sourceof energy, andthereisonly alow tendency
for them to form adipose (69). Butyric acid (4:0) is the shortest
saturated fatty acid andispresent inruminant milk fat at 2-5% by
weight (70), which on amolar basis is approximately one-third
the amount of palmitic acid. Human milk contains alower per-
centage (=~0.4%) of butyric acid. No other common food fat
contains this fatty acid.

Butyrateisawell-known modulator of genetic regulation (71,
72), and it also may play arolein cancer prevention (73). Pub-
lished information thus far indicates that butyric acid exhibits
contradictory and paradoxical behavior (74). Although butyric
acid is an important energy source for the normal colonic epi-
thelium, is an inducer of the growth of colonic mucosa, and isa
modulator of the immune response and inflammation, it also
functions as an antitumor agent by inhibiting growth and pro-
moting differentiation and apoptosis (75).

Caproic, caprylic, and capric acids

In bovine and human milk, caproic acid (6:0) is present at
~1% and 0.1% of milk fat, respectively, and caprylic acid (8:0)
and capric acid (10:0) are present at ~0.3% and 1.2% of milk fat,
respectively. Goat milk contains the highest percentage of ca-
prylic acid, at 2.7% of milk fat. These 3 fatty acids have similar
biological activities. Both caprylic acid and capric acid have
antiviral activity, and whenformed from capricacidintheanimal
body, monocaprin has antivira activity against HIV (76, 77).
Caprylic acid hasal so been reported to have antitumor activity in
mice (78). Negative effects of these fatty acids on CAD and
cholesterol have not been a dietary issue.

Lauric acid

Lauric acid (12:0) isamedium-chain fatty acid that is present
in human and bovine milk at =5.8% and 2.2% of milk fat,
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respectively. Thisfatty acid has been recognized for itsantiviral
(79) and antibacterial (80, 81) functions. Recent results suggest
that Helicobacter pylori present in stomach contents (but not
necessarily within the mucus barrier) should be rapidly killed by
the millimolar concentrations of fatty acids and monoacylglyc-
erolsthat are produced by preintestinal lipasesacting on suitable
triacylglycerols, such as those present in milk fat (82). Lauric
acid is also effective as an anticaries and antiplague agent (83).
Medium-chain saturated fatty acids and their monoacylglycerol
derivatives can have adverse effects on various microorganisms,
including bacteria, yeast, fungi, and enveloped viruses, by dis-
rupting thelipid membranes of the organismsand thusinactivat-
ingthem (84, 85). Thisdeactivation processal so occursin human
and bovine milk when fatty acids are added to milk (86, 87). The
release of monolaurin from milk lipids by human milk lipases
may beinvolvedintheresulting antiprotozoal functions(88, 89).
Onestudy indicated that oneantimicrobial effect against bacteria
isrelated to theinterference of monolaurin with signal transduc-
tion or toxinformation (90). In addition to disrupting membranes
to inactivate viruses, lauric acid has an effect on virus reproduc-
tion by interfering with assembly and maturation, ie, cells make
the components of thevirus, but their assembly isinhibited (79).

Myristic acid

Bovine milk fat contains 8—14% myristic acid (14:0), and in
human milk, myristic acid averages 8.6% of milk fat. As stated
above, myristic acid is one of the major saturated fatty acidsthat
have been associated with an increased risk of CAD, and human
epidemiologic studies have shown that myristic acid and lauric
acid arethe saturated fatty acids most strongly related to average
serum cholesterol concentrations. However, in healthy subjects,
although myristic acid ishypercholesterolemic, it increased both
LDL- and HDL-cholesterol concentrations compared with oleic
acid (68).

Palmitic acid

Palmitic acid (16:0) is present in human and bovine milk at
22.6% and 26.3% of milk fat, respectively. Palmitic acid in
triacylglycerolsin human milk is predominantly esterified inthe
sn-2 position of the molecule. Feeding human infants aformula
containing triacylglycerols similar to those in human milk (16%
palmitic acid esterified predominantly in the sn-2 position) has
significant effects on fatty acid intestinal absorption (91, 92).
Myristic, palmitic, and stearic acids are better absorbed from
human-likemilk than from standard formul a, without achangein
total fat fecal excretion. Mineral balanceisimproved in compar-
ison with a conventional formula, as shown by lower fecal cal-
cium excretion, higher urinary calcium, and lower urinary phos-
phate. The specific distribution of the fatty acids in the
triacylglycerol isknown to play akey roleinlipid digestion and
absorption. Because pancreatic lipase selectively hydrolyzes
triacylglycerolsat thesn-1 and sn-3 positions, freefatty acidsand
2-monoacylglyceriols are produced. Free palmitic acid, but not
2-monopal mitin (whichisefficiently absorbed), may belost asa
calcium-fatty acid soap in the feces. A comparison between the
effects of dietary laurate-myristate and the effects of palmitic
acid in normolipemic humans showed that palmitic acid lowers
serum cholesterol (93). In humans, replacement of dietary
laurate-myristate with pal mitate-ol eate hasabeneficial effect on
animportant index of thrombogenesis, ie, the ratio of thrombox-
ane to prostacyclin in plasma (94).

Stearic acid

Dietary stearic acid (18:0) is derived primarily from bovine
meat and dairy products. Stearic acid is present in human and
bovine milk at 7.7% and 13.2% of milk fat, respectively. In
relation to the question of their effects on serum cholesteral,
stearic acid and saturated fatty acidswith <12 carbon atomsare
thought not to increase cholesterol concentrations (95). Dietary
stearic acid decreases plasma and liver cholesterol concentra-
tions by reducing intestinal cholesterol absorption. Recent data
from studieswith hamsters, which havealipoprotein cholesterol
responseto dietary saturated fat that issimilar to that of humans,
suggest that reduced cholesterol absorption by dietary stearic
acid isdue, at least in part, to reduced cholesterol solubility and
further suggest that stearic acid may alter the microflora popu-
lations that synthesize secondary bile acids (96).

Theabsorption of stearicacid fromtriacylglycerolscontaining
only oleate and stearate depends on the position of esterification.
2-Monstearin is well absorbed if the stearic acid is esterified at
the sn-2 position of the triacylglycerol. If the triacylglycerol is
esterified at the sn-1 or the sn-3 position, it is released as free
stearic acid, and in the presence of calcium and magnesium, it is
poorly absorbed (97). In a study of the effects of dietary fat on
serum lipid and lipoporoteion concentrations, the absorption of
dietary oleic acid, pamitic acid, and stearic acid was similar,
which indicates that differential effects of these fatty acids on
plasmalipoprotein cholesterol are not dueto differential absorp-
tion (98). Another study in humans also indicated that, even
though stearic acid appears to have different metabolic effects
withrespect toitseffect ontherisk of cardiovascular diseasethan
do other saturated fatty acids (95), reduced stearic acid absorp-
tion does not appear to be responsible for the differences in
plasma lipoprotein responses (99).

Compared with consumption of dietary palmitic acid, con-
sumption of dietary stearic acid (19 g/d) for 4 wk by healthy
males produced beneficial effects on thrombogenic and athero-
genic risk factors (100). Mean platelet volume, coagulation fac-
tor VII activity, and plasma lipid concentrations decreased sig-
nificantly with consumption of the stearic acid diet, whereas
platel et aggregation increased significantly with consumption of
the palmitic acid diet. A subsequent study showed no alteration
in plasma lipids, platelet aggregation, or platelet activation in
short-term (3 wk) feeding trials when stearic acid and palmitic
acid were provided in commercially available foods (101). An
interesting finding in a study of the association between the
composition of serum free fatty acids and the risk of a first
myocardia infarction was that the percentage content of both
very-long-chain n—3 fatty acids and stearic acid is inversely
associated with the risk of myocardia infarction. Theinvestiga-
tors speculated that the very-long-chain n—3 fatty acids might
reflect diet but al sothat these 2 freefatty acidsmightin someway
be related to the pathogenetic process and not just reflect their
content in adipose tissue (102).

EFFECTS OF SATURATED FATTY ACIDS ON
LIPOPROTEIN CHOLESTEROL

A causal relation between total and LDL cholesterol in blood
and CAD haslong been accepted. However, despite the strength
of the relation between circulating concentrations of LDL cho-
|esterol and heart disease, one should not assumethat therel ation
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between saturated fatty acid intake and heart disease is equally
strong. Recommendationsto decreasetheintake of saturated and
trans unsaturated fat and cholesterol have as a goal the preven-
tion of CAD. However, in the Framingham study, 80% of the
subjectswho went onto have CAD had the sametotal cholesterol
concentrations as those who did not (103). The metabolic
contributor to coronary disease is the atherogenic lipoprotein
profile, and there has been widespread use of acoronary risk lipid
profilethat usestheratio of total to HDL cholesterol and theratio
of LDL to HDL cholesterol for predicting the risk of vascular
disease. Abnormal lipid and lipoprotein cholesterol concentra-
tions are an LDL-cholesterol concentration = 4.1 mmol/L, an
HDL-cholesterol concentration < 1.0 mmol/L, atriacylglycerol
concentration = 1.7 mmol/L, and alipoprotein(a) concentration
= 3 g/L (104). It has been pointed out that assessment of the
effects of diet on CAD should include consideration of the con-
comitant changes in both HDL and triacylglycerols (105).
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 subpopulationsinagroup of multiracial, young and elderly
men and women, subjectsconsumed each of thefollowing 3diets
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 | 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 satu-
rated fat) (25). HDL ,-cholesterol 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
(HDL, and HDL ;) and small, dense HDL subpopulations, al-
though the decreases in HDL, and HDL,, were most pro-
nounced. Serum triacylglycerol concentrations were negatively
correlated with changes in HDL, and HDL ., cholesteral. In
children fed adiet in which total fat was substituted with carbo-
hydrate but in which total energy was held constant, total fat and
saturated fat werepositively associated with total cholesterol and
HDL cholesterol (106). Perhapsitisironic that dietsenriched in
saturated fat and cholesterol increase LDL-cholesterol concen-
trations but also increase HDL-cholesterol concentrations. The
lack of ascientific, mechanistic understanding of theserelations
should be awarning that population-wide recommendations for
all personsat all agesand circumstancesto reducetheir intake of
saturated fats may be premature. For personswith low LDL and
low HDL, is arecommendation to decrease saturated fatty acid
intake to the maximum extent possible warranted?
Theconsumption by humansof adiet low intotal fat, saturated
fat, and cholesterol (National Cholesterol Education Program
Step I diet) decreases both HDL-cholesterol and apo A-I con-
centrations, which parallels reductionsin apo A-l secretion rate
(12). Animportant finding isthat personsdiffer 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 lipo-
protein concentrations. Evidence indicates that postprandia
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. Anin-
vestigation of the effect of stearic acid and myristic acid on
postpranidal and 24-h fasting plasmalipoprotein triacylglycerol

and cholesterol concentrations showed that fasting HDL choles-
terol was affected within 24 h in heathy young men. HDL-
cholesterol concentrations were higher after subjects consumed
myristic acid than after they consumed stearic acid. Dietary myr-
istic acid also caused a greater increase in postprandial HDL
triacylglycerol thandid dietary stearic acid (107). On the basisof
the hypothesis that hypertriacylglycerolemia may represent a
procoagul ant state involving disturbancesto the hemostatic sys-
tem, the effects of individual dietary fatty acids (1 g/kg body wt;
43% from the test fatty acid) on the promotion of factor VII
activation were tested (108). The test diets were rich in either
stearic acid, palmitic acid, palmitic acid plusmyristic acid, oleic
acid, trans 18:1, or linoleic acid, and the postprandial lipid and
hemostatic profiles were measured in young men 2, 4, 6, and 8 h
after consumption of thediets. Although all of the dietsincreased
factor VII activation, saturated fatty acids—especially stearic
acid—resultedinlessof anincreasethan did theunsaturated fatty
acid diets that were tested.

Theeffects of fatty acidsin the diet were examined in another
study comparing women who consumed a high—saturated fatty
acid diet with those who consumed adiet low in total fat or adiet
with a high content of monounsaturated fatty acids and PUFAs
(209). Thisstudy showed that total and LDL cholesterol and apo
B were lowest in the women who consumed the diet high in
unsaturated fatty acids. HDL -cholesterol and apo A-I concentra-
tionsinthewomen who consumed the diet highin saturated fatty
acids were 15% and 11% higher, respectively, than those in the
women who consumed the diet low in saturated fatty acids but
werelower than thosein the women who consumed the diet with
high unsaturated fatty acids. Theinvestigators concluded that to
influence the ratio of LDL to HDL cholesterol, changing the
proportions of dietary fatty acids may be more important than
limiting the percentage of energy from total or saturated fat, at
least when the diets contain high amounts of fats derived mainly
from lauric and myristic acids, both of which increase HDL
cholesterol.

A review was made of 27 controlled studies of the effect of
carbohydrate and fatty acid intake on serum lipid and lipoprotein
concentrations. When data were analyzed by using multiple re-
gression analysiswith isocaloric exchanges of saturated, mono-
unsaturated, and polyunsaturated fatty acidsfor carbohydratesas
the independent variables, all fatty acids elevated HDL choles-
terol when they were substituted for carbohydrates, but the effect
diminished with increasing unsaturation of the fatty acids (110).
A recent meta-analysis of 60 controlled trials of the effects of
dietary fatty acids and carbohydrates on the ratio of serum total
to HDL cholesterol and on serum lipids and apolipoproteins
found that lauric acid greatly increases total cholesterol, but the
effectistodecreasetheratio of total toHDL cholesterol. Myristic
acid and palmitic acid have little effect on the ratio, whereas
stearic acid reducestheratio slightly (111). Another study (112)
showed that plasma phospholipid stearic acid concentrations are
strongly positively correlated with plasma total cholesterol,
LDL-cholesterol, and triacylglycerol concentrations regardless
of the intake of saturated fat (vegan, moderate meat intake, and
high meat intake). The author suggested that areduction in total
saturated fatty acid intake would be more appropriate than re-
placement of other saturated fatty acids with stearic acid, as
suggested by the investigatorsin a study cited above (100). Be-
cause the effects of individual fatty acids on the ratio of total to
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HDL cholesterol may be different from their effects on LDL,
these biomarkers may not directly reflect the risk of CAD.
Although elevated LDL cholesterol isassociated with the end-
points of atherosclerotic disease, including heart disease and
stroke, thisassociation should not be extrapol ated to suggest that
there are equally compelling associations between plasma li-
poproteins and other phenotypic outcomes. Lipoproteins in
plasma are not a simple artifact of a modern Western diet. Li-
poproteins play awide variety of physiologic and pathophysio-
logic functions, and the multiple roles of lipoproteinsin mediat-
ing theresponsetoinfectiousand toxic agentsareonly now being
recognized. Plasma HDL-cholesterol concentrations were re-
cently associated with protection against the risk of infections
(113). Acute infections in children seem to be accompanied by
enhanced oxidative modification of LDL and by a decrease in
HDL cholesterol (114), and circulating HDL protects against
endotoxin toxicity (114, 115; for review see reference 116).
Lipopolysaccharide (LPS) isthe major glycolipid component
of the outer membranes of gram-negative bacteria. This endo-
toxin, whichisresponsiblefor pathophysiol ogic symptomschar-
acteristic of infection, is associated with plasma lipoproteins,
which suggests that sequestering of LPS by lipid particles may
formanintegral part of ahumoral detoxification mechanism. The
binding of LPSto lipoproteinsishighly specific under simulated
physiologic conditions, and HDL hasthe highest binding capac-
ity for LPS (117, 118). Although lipoprotein-binding protein
circulatesin associationwith LDL and VLDL in healthy persons
(119), chylomicrons, which carry lipids from the intestines into
other bodly tissues, exceed other lipoproteinsin LPS-inactivating
capacity (120). Thus, lipoprotein-binding protein-lipoprotein
complexes may be part of a local defense mechanism of the
intestine against translocated bacterial toxin. Because saturated
fats enhance HDL concentrations, saturated fats are potentially
important in protecting against bacterial LPS toxicity.

CONCLUSIONS

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). Con-
sumption of a low-fat diet (defined as one containing 20% of
energy from fat) was subsequently shown to induce atherogenic
dydlipidemia (122, 123). On the basis of government guidelines,
thefood industry was obliged to change the formul ation of foods
to apreponderance of low-fat and nonfat products, with calories
from carbohydratesbeing substituted for fat. Itisnow knownthat
ahigh-carbohydrate diet can lead to thelipoprotein pattern (124)
that characterizesatherogenic dyslipidemia. At thetimethe 1980
guidelines were established, there was no solid basis for under-
standing what the consequences of such overall dietary changes
would be for most persons. The recommendation to lower satu-
rated fat intake was based on a single marker of health out-
come—a correlation between dietary saturated fat and the inci-
dence of CAD, with blood cholesterol being the indicator of
potential disease. Now, the most recent published recommenda-
tionsarefor all personsto reducethe saturated fat content of their
diet (10% of total calories), athough 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 recommenda-
tion onestep further by clearly statingthat . . . thereisnointake

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 agricul-
tural enterprise will continue to lower saturated fatty acids by
every means possible.

Public health recommendations for the consumption of total
fat and the composition of fat in the diet are being reeval uated,
and thisreevaluationis projected to befinished in 2004. To meet
the body’ s daily energy and nutritional needs while minimizing
the risk of chronic disease, the newest report on recommenda
tionsfor healthy eating fromthe National Academies’ | nstitute of
Medicineisthat adults should get 45-65% of their caloriesfrom
carbohydrates, 20—-35% from fat, and 10—35% from protein. 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 decreasetotal fat intake hasfailed to have any
effect on the preval ence of obesity, diabetes, and cardiovascular
disease (125). The recent conference summary from the Nutri-
tion Committee of the American Heart Association emphasized
that studies with cardiovascular endpoints that go beyond the
measurements of plasma lipids and lipoproteins are needed to
evaluate the effects of individual fatty acidsin humans (126).

At this time, 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 recommendationsfor all personsto 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 alack of knowledge of how low satu-
rated fat intake can be without therisk of potentially deleterious
health outcomes. Although the removal of particular foods from
thediet can beaccomplished quickly, theremoval of all saturated
fats or particular saturated fatty acids from foods cannot be ac-
complished quickly by the agricultural community. This will
require modification of existing foods and changesin policiesto
improvehealth, whichinturnwill requireintegration of nutrition
needs with economic growth and devel opment; agriculture and
food production, processing, and marketing; health care and ed-
ucation; and changing of lifestyles and food choices by individ-
ual consumers. It requires years to change the course of com-
modity manipulation and to make drastic changes in the food
supply. Before such implementation can be achieved, all food
sources of specific saturated fatty acids must be accurately iden-
tified and quantified, the core commodities will need to be
changed at the level of production, agricultural processes will
require new approaches and procedures, and food formulations
will need to be changed. The question remains, What is an ap-
propriate amount to which saturated fatty acidsin the diet can be
lowered for optimal health? Before recommendations are made
to further lower the content of these components in the food
supply, shouldwenot wait until scientific evidenceclearly shows
that thisis the healthiest direction to take?

Because of the paucity of scientific understanding of the role
of specific fatty acidsin humans beyond the effects on total and
LDL cholesteral, research on the effects of specific fatty acidsin
a broader health context should be viewed as a clear research
priority. Giventhevarying health statusof much of thedevel oped
world, it would also be appropriate to explore these effectsin a
range of human metabolic phenotypes, including persons with
various body massindex values, personswith insulin resistance,
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and persons with chronic inflammation. Finaly, the scientific
community not only is recognizing the interindividual variation
in dietary response and health but is aso building the tools to
measure it. Therefore, the influence of varying saturated fatty
acid intakes against a background of different individua life-
styles and genetic backgrounds should also be considered. [§

JBG is Senior Scientific Advisor at the Nestle Research Center, Lau-
sanne, Switzerland. He is also chair of the scientific advisory board of
Lipomics Technologies Inc, a biotechnology company based in Sacro-
mento, CA, that provides lipid analytic services to the pharmaceutical,
food, and agricultural industries.
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