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LDL cholesteryl oleate as a predictor for atherosclerosis:
evidence from human and animal studies on dietary fat
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Abstract This review focuses on the relationships among
dietary fat type, plasma and liver lipid, and lipoprotein me-
tabolism and atherosclerosis. Dietary polyunsaturated fatty
acids are beneficial for the prevention of coronary artery
atherosclerosis. By contrast, dietary monounsaturated fatty
acids appear to alter hepatic lipoprotein metabolism, pro-
mote cholesteryl oleate accumulation, and confer athero-
genic properties to lipoproteins as shown in data from
experimental animal studies.fifi Polyunsaturated fat appears
to provide atheroprotection, at least in part, because it limits
the accumulation of cholesteryl oleate in favor of cholesteryl
linoleate in plasma lipoproteins.—Degirolamo, C., G. S.
Shelness, and L. L. Rudel. LDL cholesteryl oleate as a predic-
tor for atherosclerosis: evidence from human and animal
studies on dietary fat. J. Lipid Res. 2009. 50: S434-S439.

Supplementary key words cholesteryl ester e lipoprotein metabolism e
polyunsaturated fat ¢ monounsaturated fat

Relationships between dietary fatty acids and blood cho-
lesterol and between blood cholesterol and coronary heart
disease (CHD) have been widely documented. Evidence of
differential effects of dietary fatty acids on serum choles-
terol concentrations was first provided by Kinsell et al.
and Groen et al. (1, 2), who showed that feeding poly-
unsaturated fatty acids (PUFA) in the diet lowers total
plasma cholesterol compared with saturated fatty acids
(SFA). These observations were further supported by eco-
logic studies, such as the Seven Countries Study, in which
strong correlations were found between intake of saturated
fat and CHD prevalence (3). Comparison of selected co-
horts indicated that the lower incidence of death from
CHD was associated with the consumption of the so-called
Mediterranean diet, which is enriched in monounsaturated
fatty acids (MUFA) and poor in SFA. Subsequent epidemio-
logic studies supported the notion that monounsaturated
fat was protective against CHD compared with saturated
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fat. MUFA effectively lowers LDL-cholesterol (LDL-C)
while, in contrast to PUFA, provides no HDL-cholesterol
(HDL-C) lowering (4-6).

Recommendations for a preference of MUFA over PUFA
for replacing SFA in the diet initially stemmed from the
metabolic study of Mattson and Grundy (7) in which plasma
lipid and lipoprotein concentrations were measured in
20 hypertriglyceridemic patients consuming liquid diets en-
riched in SFA, MUFA, or PUFA. Dietary monounsaturated
and polyunsaturated fat were equally effective in reducing
plasma total cholesterol and LDL-C, while polyunsaturated
fat lowered HDL-C compared with monounsaturated fat.
Further, within the controversy over the recommendation
for restriction of specific types of dietary fat in the preven-
tion of CHD, Katan, Grundy, and Willett (8) suggested that
a diet in which the total fat content is held constant, but
is relatively enriched in MUFA, offers better protection
against CHD than does a low-fat diet. However, as suggested
by Brown, Shelness, and Rudel (9), dietary-fat-intervention
studies have only been able to show statistical correlations
between MUFA and CHD risk factors and have lacked
direct measurements of associations with the extent of
CHD. In this paper, we review pertinent literature ad-
dressing the influence of the various dietary fat-induced
modifications of lipoprotein concentrations and composi-
tions and their associations with atherosclerosis as the un-
derlying cause of CHD.

CHOLESTERYL OLEATE ENRICHMENT OF LDL
PREDICTS ATHEROSCLEROSIS IN ANIMAL MODELS

Early indications that an atherogenic LDL particle is
characterized by a lipid core enriched in cholesteryl oleate
were provided by Rudel, Pitts, and Nelson (10, 11). In
three different species of monkeys, and in both sexes,
changes in LDL molecular weight as a marker for particle
size occurred in response to dietary cholesterol (12). In-
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creases in particle size reflected a proportional increase in
LDL particle cholesteryl ester content. Several studies indi-
cated that LDL particles were enlarged most in individual
primates that developed the most coronary artery athero-
sclerosis (CAA) and that increased size made a contribu-
tion to atherogenicity, which was in addition to LDL-C
concentration (13, 14).

Dietary intervention studies in nonhuman primates
helped establish the relationship between LDL particle
composition and extent of CAA (12, 15). The extent of
atherosclerosis was measured after 5 years of diets con-
taining cholesterol and either SFA, MUFA, or n-6 PUFA en-
richment. In agreement with the observations made by
Mattson and Grundy (7) in humans, dietary MUFA reduced
LDL-C without lowering HDI-C and, compared with dietary
SFA and PUFA, provided the lowest LDL/HDL ratio. How-
ever, substitution of MUFA for some of the SFA promoted
an even greater enrichment of LDL particles with choles-
teryl oleate at the expense of cholesteryl linoleate. When
atherosclerosis extent was directly measured, SFA and
MUFA fed monkeys developed equivalent amounts of
CAA as assessed histologically and by the similar cholesteryl
ester content of the coronary arteries. The findings sug-
gested that the shift in LDL cholesteryl ester composition
is likely an important atherogenic factor that should be
considered along with LDL-C and HDL-C concentration.

Two enzymes, hepatic acyl-CoA:cholesterol acyltransfer-
ase (ACAT) and plasma lecithin cholesterol-acyl-transferase
contribute their products to the cholesteryl esters in LDL
particles. The identification of hepatic ACAT [later shown
to be ACAT?2 (16)] as a source of cholesteryl oleate in plasma
was achieved by taking advantage of isolated liver perfusion
experiments. In monkeys fed diets rich in fat (lard, saf-
flower oil, or fish oil) and cholesterol for 3—6 years before
liver perfusion, hepatic ACAT activity was positively cor-
related with hepatic cholesteryl ester secretion, plasma
cholesteryl ester concentration, and extent of CAA (17).
Evidence was provided that accumulation of cholesteryl
oleate in the liver is highest in monkeys fed MUFA-enriched
diets and is associated with increased secretion of choles-
teryl ester into apoB-containing lipoproteins. This in turn
was highly correlated with atherosclerosis quantified by the
accumulation of cholesteryl esters in the coronary arteries,
as shown in the data provided by Rudel et al. (18) (Fig. 1).

The atherogenicity of cholesteryl oleate enrichment of
LDL is not species specific and has been reproduced in
mouse models of atherosclerosis. In mice with genetically
engineered high levels of plasma LDL (LDL receptor-null,
human apoB100 transgenic mice), dietary MUFA pro-
moted accumulation of plasma LDL particles enriched in
cholesteryl oleate and an accumulation of cholesteryl esters
in the aortas that was positively correlated (r = 0.7) with
total plasma cholesterol levels (19). The effects of diets en-
riched in SFA, MUFA, or PUFA on atherosclerotic lesion
area and lipoprotein levels were also measured in LDL-
receptor-deficient mice (20). In a fashion comparable to
SFA feeding, dietary MUFA promoted significant athero-
sclerosis in both sexes, increased VLDL-cholesterol
(VLDL-C) and LDL-C and the atherosclerotic lesion area,
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Fig. 1. In African green monkeys fed diets containing cholesterol
and 35% calories as fat enriched in monounsaturated (MUFA) or
saturated fatty acids (SFA), the relationship between cholesteryl es-
ter secretion by the liver and the extent of coronary artery athero-
sclerosis (CAA) that developed during 5 years of diet induction was
examined. In both dietary fat groups, the high correlation (r> 0.8,
P < 0.01) between liver cholesteryl ester secretion and coronary
artery cholesteryl ester concentration provided the first direct dem-
onstration of the importance of hepatic cholesteryl ester secretion
in promoting the development of atherosclerosis in the coronary
arteries. Modified from Ref. 18.

which correlated positively with VLDL-C levels (r = 0.47
and r = 0.53 for males and females, respectively).

ACAT?2 has been identified as the isoform of ACAT re-
sponsible for the synthesis of cholesteryl esters incorporated
into the apoB-containing lipoproteins secreted by the liver
and intestine (16, 21). In a mouse model of atherosclerosis,
Bell et al. (22) demonstrated that dietary monounsaturated
fat is the fat type that promoted the highest accumulation
in the liver of oleoyl-CoA, the preferred substrate for ACAT2.
Such an increase in substrate availability from exogenous
sources, together with that provided by the activity of he-
patic SCD1, may be partly responsible for the accumula-
tion and secretion of ACAT2-derived cholesteryl oleate. The
ability of dietary monounsaturated fat to promote hepatic
ACAT?2-mediated cholesterol oleate secretion into lipopro-
teins, thereby enhancing atherosclerosis, was monitored
in apoB100-only LDIL-receptor-deficient mice fed diets en-
riched in several different fatty acids (23). Relative to other
diets, wild-type mice receiving dietary MUFA displayed the
greatest increase in cholesteryl ester content of VLDL and
LDL, with the LDL particles becoming highly enriched in
cholesteryl oleate. Atherosclerosis was also as high in the
MUFA group as in any dietary fat group, as indicated by
accumulation of cholesteryl ester in the aorta. Genetic de-
letion of ACAT? in this mouse model greatly reduced ath-
erosclerosis extent and abolished any dietary fat-associated
differences in atherosclerosis, such that levels of athero-
sclerosis were low and comparable among the six different
dietary fat groups. The findings validate the essential role of
ACAT? in facilitating atherosclerosis, an effect apparently
mediated by modifications of plasma lipoprotein composi-
tion more than cholesterol concentration, for which the dif-
ferences were smaller.
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Taken together, these studies indicate that dietary
monounsaturated fat promotes the accumulation of he-
patic oleoyl-CoA, which, serving as the preferential substrate
for ACAT?2, gets esterified to cholesterol, incorporated into
apoB-containing lipoproteins, and secreted into the plasma
compartment (Fig. 2). Plasma cholesteryl oleate enrich-
ment of LDL particles results from the intravascular conver-
sion of cholesteryl oleate enriched VLDL into LDL, and the
resulting modification of LDL (increase in particle size and
cholesteryl oleate content) has been shown in nonhuman
primates and genetically engineered mouse models of
atherosclerosis to be positively correlated with increased
coronary artery or aortic atherosclerosis, respectively. Plasma
cholesteryl oleate also has been positively associated with
CHD in human beings.

EVIDENCE FOR ATHEROGENICITY OF
CHOLESTERYL OLEATE FROM HUMAN STUDIES

Some still debate whether dietary n-6 PUFA is a better
substitute for dietary SFA than MUFA. The early studies
by Mattson and Grundy (7) showed that replacing SFA with
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Fig. 2. Proposed mechanism by which dietary MUFA promote
plasma cholesteryl oleate enrichment and enhanced atherosclero-
sis. Oleoyl-CoA, from dietary MUFA and that newly synthesized by
SCD1 from stearoyl-CoA, serves as the preferred and most abun-
dant substrate for acyl-CoA:cholesterol acyltransferase (ACAT)2-
driven esterification of dietary cholesterol (thick arrows). Dietary
polyunsaturated fatty acids (PUFA) can lead to linoleyl-CoA forma-
tion in liver, but this acyl-CoA is less-efficiently incorporated into
cholesteryl esters by ACAT2 (thin arrow) and, hence, typically does
not result in cholesteryl-ester-enriched VLDL and LDL particles.
ACAT?2-derived cholesteryl oleate is abundant and is incorporated
efficiently into nascent VLDL particles. The cholesteryl oleate en-
richment is retained in LDL. The resulting LDL particles enriched
with cholesteryl oleate are typically larger than normal and appear
to be more active in binding to arterial proteoglycans, thereby favor-
ing arterial retention and subsequent foam-cell formation typical of
early atherosclerosis.
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PUFA resulted in LDL-C and HDL-C lowering. These au-
thors recommended oleic acid-rich fat as better replace-
ment for saturated fat than linoleic acid-rich fat because
HDIL-C decreased with the latter. The recommendation
for dietary MUFA over PUFA based on the effects on
HDL-C may be premature because it has not yet been
shown that the PUFA-mediated lowering of HDL, if and
when it occurs, increases the risk of CHD (24). Another
factor often cited is that dietary fat may influence the risk
of CHD by altering the susceptibility of lipoproteins to oxi-
dation. Substitution of MUFA in the diet instead of PUFA
to replace dietary SFA results in LDL particles that are less
susceptible to oxidation in vitro (25). On the other hand,
the enhanced in vitro oxidation of LDL promoted by
PUFA, as well as the HDL decrease, occur in spite of the
overall ability of PUFA to provide relative protection from
atherosclerosis in animals and people.

Evidence that alterations in dietary fatty acid composi-
tion can effectively alter the cholesteryl ester fatty acid dis-
tribution of LDL and HDL was found by Reaven et al. (26).
When mildly hypercholesterolemic subjects were fed oleate-
or linoleate-enriched diets for 8 weeks, diets enriched with
the former fatty acid led to LDL particles relatively enriched
in cholesteryl oleate. The percent of LDL cholesteryl ester
as cholesteryl oleate was higher in oleate- compared with
linoleate-enriched diets (32.0% vs. 13.8%). This shift is
likely due to the proportion of cholesteryl esters derived
from lecithin cholesterol-acyl-transferase, the source of the
majority of cholesteryl linoleate in plasma, versus ACAT?2,
the primary product of which is cholesteryl oleate. While
these investigations were aimed at addressing whether the
fatty acid composition of LDL could be adjusted to be less
oxidizable (oleate is not a fatty acid readily susceptible to
oxidation), they showed the remarkable elasticity of LDL
cholesteryl ester fatty acid composition in human subjects.
One should also consider, as noted above, that enrichment
of cholesteryl oleate in the core of LDL particles has been
shown in nonhuman primates fed SFA or MUFA to be highly
predictive of the extent of CAA (15). By contrast, dietary
PUFA minimized the amount of cholesteryl oleate in LDL,
and was atheroprotective.

A positive correlation between cholesteryl oleate and
atherosclerosis has also been clearly shown in the prospec-
tive cohort study, Atherosclerosis Risk in Communities
Study (27). This was a population-based study that investi-
gated the association of the fatty acid composition of plasma
phospholipids and cholesteryl esters with preclinical ca-
rotid atherosclerosis, assessed as carotid artery wall intima-
medial thickness in middle-aged, CHD-free subjects. In
men and women, the adjusted average carotid intima-
medial thickness was independently and positively asso-
ciated (P < 0.01) with saturated and monounsaturated
cholesterol esters, and negatively associated with polyun-
saturated cholesteryl esters. Additional evidence for serum
cholesteryl ester fatty acids as predictors for total and cardio-
vascular mortality has recently been provided by a population-
based cohort study, the Uppsala Longitudinal Study of Adult
Men (28). Of the individual serum cholesteryl ester fatty
acids, the greatest risk of cardiovascular disease mortality was
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associated with increased proportions of oleic acid (18:1)
and palmitoleic acid (16:1) as well as with palmitic acid
(16:0). In contrast a high proportion of cholesteryl lino-
leate (18:2) was associated with a protective effect against
cardiovascular disease-associated mortality whereby some
461 CVD deaths were recorded in over 30 years of observa-
tions in approximately 2,000 men.

Collectively, the data from human studies do not make
certain whether or not dietary monounsaturated fat would
provide an overall benefit for protection against CHD.
However, an increasing body of evidence suggests that ole-
ate enrichment of plasma cholesteryl esters, which can be
driven by dietary monounsaturated fat, is positively and sig-
nificantly associated with increased CHD and its correlates.

REDUCTION OF OLEATE ENRICHMENT IN PLASMA:
A MECHANISM OF ATHEROPROTECTION BY N-3
AND N-6 PUFA

When comparing the effects of dietary MUFA and PUFA
on atherosclerosis and CHD risk, it is important to distin-
guish between n-6 and n-3 PUFA. A large body of epide-
miological studies suggests that a higher intake of n-6
PUFA reduces risk of CHD. In the Kuopio Heart Study, it
was reported that middle-aged men with proportions of
linoleic acid in serum in the upper third were up to three
times less likely to die of CHD than men with proportions
in the lower third (29). These findings agree with those
from the Western Electric Study and the Nurses Health
Study whereby PUFA was associated with reduced coronary
death and myocardial infarction, respectively (30). Benefit
of n-6 intake on CAA has been shown in experimental
animal studies as well (15, 19, 20, 23). Despite the HDL-C
lowering in monkeys fed a diet enriched in n-6 PUFA com-
pared with MUFA, PUFA fed animals were consistently pro-
tected from CAA (12, 14, 15). Further, the monkeys fed n-6
PUFA exhibited the lowest cholesteryl oleate content in the
core of apoB-containing lipoproteins (15), a finding remi-
niscent of observations in human studies, as reported by
Reaven et al. (26).

Beginning with the study by Dyerberg et al. (31) involv-
ing Greenland Eskimos in the late 1970s, the body of evi-
dence supporting intake of n-3 PUFAs from fish in the
prevention of CHD has continued to grow. In the Zutphen
Study, an increase in fish consumption from 0 to 45 g/day
was associated with a progressive decrease in the risk of
CHD death after 20 years (P < 0.05). When mortality rates
for the duration of the Multiple Risk Factor Intervention
Trial were divided into quintiles, there was a significant
inverse relationship between intake of n-3 fatty acids and
death from CHD, all coronary artery disease, and all-cause
mortality (32). Similar outcomes were found in a prospec-
tive cohort study, the Physicians’ Health Study, whereby
dietary fish intake was associated with a reduced risk of
sudden death (—52%, P = 0.03). Known biological activi-
ties of n-3 PUFAs important in atherosclerosis include cho-
lesterol lowering (usually minor in humans), triglyceride
lowering (good at higher doses), decreased platelet aggre-

gation, reduced blood viscosity, favorable decreases in
eicosanoid production responsible for vasodilator and anti-
thrombotic properties, and anti-inflammatory effects (33).

Several studies in experimental animals have also shown
that n-3 PUFA-enriched diets decrease the extent of diet-
induced atherosclerosis (17, 34—36). Diets enriched in fish
oil containing the n-3 PUFA, eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) had a protective effect
similar to or better than n-6 PUFA, as reported in non-
human primates (17). Monkeys fed a fish-oil-enriched diet
showed similar trends to those seen with diets enriched
with n-6 PUFA. The fish-oil group had the lowest total plasma
cholesterol level, hepatic cholesteryl ester concentration,
and cholesteryl ester secretion in apoB-containing lipo-
proteins. The extent of CAA was significantly lower in the
monkeys fed fish oil relative to the group fed a diet en-
riched with lard. Compared with the lard-based diet, fish
oil feeding was associated with smaller LDL particles con-
taining fewer cholesteryl ester molecules per particle and
having lower cholesteryl ester transition temperatures
due to a relative enrichment of n-3 fatty acids in the neutral
lipid fraction (37).

When liver perfusion studies were carried out to deter-
mine metabolic alterations that contribute to the observed
differences in plasma lipoprotein concentration and com-
position, significantly less cholesterol (P < 0.055) and tri-
glyceride (P < 0.05) were secreted by the livers of monkeys
fed fish oil compared with the lard fed control group,
while hepatic apoB secretion was similar for both dietary
groups (38). Enrichment of LDL particles with n-3 PUFA
together with a reduced cholesteryl ester and triglyceride
content in the nascent apoB-containing lipoproteins se-
creted by the liver was associated with less coronary artery
and aortic atherosclerosis (36). It is important to reiterate
that the decrease in atherosclerosis appeared related to
the significant reduction of cholesteryl oleate in the core
of LDL particles, which occurred in spite of a significant
effect of dietary fish oil to decrease HDL-C in these ani-
mals. Further, no change in the number of VLDL particles
secreted in plasma was found even though VLDL triglycer-
ide secretion was decreased (38).

Similar beneficial effects of dietary n-3 PUFA on lipopro-
tein metabolism and atherosclerosis have been found in
genetically engineered mouse models. Compared with
monounsaturated and n-6 polyunsaturated fat-fed animals,
mice fed fish oil had the lowest total plasma cholesterol
and triglyceride levels; the lowest VLDL-C, LDL-C, and
cholesteryl oleate in LDL particles; the lowest percentage
of oleoyl-CoA in the liver; and the greatest protection from
deposition of cholesteryl ester in the aorta (19, 22, 23). The
two major n-3 PUFAs, EPA and DHA, are found in fish oil
but also can be formed from the 18 carbon n-3 fatty acid,
a-linolenic acid (ALA), through elongation and desatura-
tion reactions occurring at the level of the endoplasmic re-
ticulum and peroxisomes. The major sources of ALA are
plant oils (e.g., flaxseed oil, perilla oil, and canola oil).
When the relative effects of equivalent amounts of n-3 fatty
acids from fish oil vs. flaxseed oil on lipids and atherosclero-
sis were compared in a mouse model of atherosclerosis, fish
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oil was more effective in reducing cholesterol and LDL cho-
lesteryl oleate content and offered better protection from
aortic atherosclerosis (23). The relatively inefficient con-
version of ALA into EPA and DHA was apparent although
data showing that ALA does get converted into EPA in
phospholipids of red blood cell and liver membranes was
obtained in mice (Rudel et al., unpublished data). The
findings suggested that newly synthesized vs. exogenous
EPA might have different metabolic fates leading to an in-
tracellular localization that, in turn, might account for a dif-
ferent extent of atheroprotection (23). More studies
comparing marine- and plant-derived n-3 PUFA for their ef-
fects on plasma and liver lipid metabolism are needed to
delineate the potential mechanisms, if any, of cardioprotec-
tion by ALA.

CONCLUSIONS

The idea that a diet rich in MUFA and poor in SFA is
atheroprotective is supported by studies examining the effects
of mononunsaturated fat primarily on surrogate markers of
CHD risk, such as total cholesterol, LDL-C, and HDL-C (7).
However, studies in experimental animals and humans
have shown that dietary MUFA enrich plasma lipids in cho-
lesterol oleate; in experimental animals an increase in
hepatic cholesteryl oleate was also observed. Increased
atherosclerosis has been consistently aligned with LDL cho-
lesteryl oleate enrichment in animal models. Cholesteryl
oleate enrichment occurs via hepatic secretion of choles-
teryl ester enriched LDL precursor particles promoted by
dietary MUFA, while dietary PUFA does not promote cho-
lesteryl oleate secretion. However, the mechanism that un-
derlies the association of the cholesteryl oleate enriched
LDL with atherosclerosis is presently only a matter for spec-
ulation. We hypothesize that LDL enriched in MUFA may
be more active in binding to arterial proteoglycans, a prop-
erty that could contribute to increased arterial retention as
the mechanism for promoting atherosclerosis progression
(39—41). In fact, we have provided evidence for altered pro-
teoglycan binding of LDL from monkeys fed different die-
tary fats, with LDL from monkeys fed MUFA and SFA
forming increased numbers of insoluble complexes with ar-
terial chondroitin sulfate proteoglycans than LDL from
monkeys fed n-3 and n-6 PUFA (41). These associations
are in line with differences in atherosclerosis but do not ex-
actly follow the pattern for LDL-C concentrations (i.e., LDL
composition may determine at least a part of the relative de-
gree of LDL atherogenicity). Future studies are needed to pro-
vide more definitive mechanistic information about how an
increase in LDL cholesteryl oleate promotes atherogenesis Bl
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