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Abstract

Dietary interventions have been consistently proposed as a part of a comprehensive strategy to
lower the incidence and severity of coronary heart disease (CHD), in the process providing long-
term cardioprotection. Replacement of dietary saturated fatty acids (SFA) with higher intakes of
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) has been reported
to be inversely associated with risk of CHD. The observed lower incidence of CHD among
populations consuming a Mediterranean-type diet, mainly enriched in MUFA from olive oil, has
long supported the belief that MUFA are an optimal substitution for SFA. However, both
epidemiologic and interventional studies suggest that although substituting MUFA-rich foods for
SFA-rich foods in the diet can potentially lower total plasma cholesterol concentrations, this
substitution does not lower the extent of coronary artery atherosclerosis. In addition, although
recent evidence suggests that the source of MUFA (animal fat vs vegetable oils) may differentially
influence the correlation between MUFA intake and CHD mortality, animal studies suggest that
neither source is cardioprotective.

Keywords

Fatty acids; Dietary fat; Lipoprotein metabolism; Atherosclerosis; Cholesterol; Coronary heart
disease; Low-density lipoproteins; High-density lipoproteins

Introduction

Lifestyle and dietary modifications are strongly recommended as an efficient, early
interventional approach to modifying risk factors for coronary heart disease (CHD). For
decades, numerous studies have examined the role of individual dietary fatty acids and how
they affect serum cholesterol concentrations and CHD [1]. Two main findings stemmed
from the seminal studies of Keys [2], de Lorgeril and Salen [3], Keys et al. [4], and Hegsted
et al. [5]: 1) intake of saturated fatty acids (SFA) was the dietary factor most often correlated
with both higher total plasma cholesterol (TPC) levels and higher rates of CHD; and 2)
lower rates of CHD were found in populations consuming diets where olive oil is the key fat
source (ie, Mediterranean diet). Accordingly, subsequent investigations sought to identify
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the best substitute for SFA among several candidates, including monounsaturated fatty acids
(MUFA), polyunsaturated fatty acids (PUFA), carbohydrates, and protein. By using
predictive equations, Keys et al. [4] and Hegsted et al. [5] first postulated that oleic acid, the
major MUFA in olive oil, was neutral in its effect on serum cholesterol concentrations,
being more similar to an equivalent amount of carbohydrate.

Over 20 years later, Mattson and Grundy [6,7] re-examined the potential use of MUFA as a
replacement for SFA, using genetically modified safflower oil, also termed oleinate, as the
source of MUFA. Metabolic ward experiments suggested that a high level of MUFA
provided a similar degree of low-density lipoprotein cholesterol (LDL-C) lowering as did
PUFA [6]. Although it is still relatively popular to recommend MUFA-enriched diets in
place of SFA-rich diets in cardiovascular disease prevention [8], recent evidence from both
human and animal studies calls for a careful, controlled appraisal of the benefits of MUFA
[9ee,10¢].

Olive Oil Versus Other MUFA-Enriched Oils: Do They Have Different Effects
on Plasma Cholesterol?

The mean daily intake of MUFA worldwide, as percentage of total energy, is estimated to
range from 3.5% (in China) to 22.3% (in Greece). This wide variance indicates that dietary
recommendations should account for region-specific food patterns and dietary habits [11].
Data obtained from the United States Department of Agriculture indicate that oleic acid (cis
C18:1 n-9) comprises more than 92% of the MUFA consumed in MUFA-containing foods,
whereas about 60% to 80% of oleic acid intake comes from olive oil. Vegetable oils
(including olive oil, high-oleic safflower oil, high-oleic sunflower oil, and canola oil) are the
richest sources of MUFA, followed by nuts (macadamia, hazelnuts, and pecans), fruit
(avocado), and animal products (ground beef, pork, eggs, and bacon) [12]. Some of the
available data are shown in Fig. 1. Fats from both animal and plant sources typically have
percentages of MUFA>20%, whereas very few fats are much lower in their percentage of
MUFA. MUFAs coexist with SFA in many foods, especially in natural and processed
animal products. Accordingly, in some cases, high MUFA and SFA intakes may be
correlated, in which case MUFA might be positively associated with the progression of
CHD [13].

In earlier studies, MUFA intake included both cis- and trans-isomers of oleic acid such as
elaidic acid (C18:1 trans n-9, the most abundant trans MUFA in the Western diet) and
vaccenic acid (C18:1 trans n-7), the former being the primary isomer found in partially
hydrogenated vegetable oils whereas the latter is the most common trans isomer found in
beef and dairy products. Mounting evidence has indicated that all fatty acids with a double
bond in the trans configuration will promote higher LDL-C and lower high-density
lipoprotein cholesterol (HDL-C) concentrations, so their intake is highly correlated with the
progression of CHD [14,15]. Thus, it is important to consider cis-MUFA and trans-MUFA
separately.

Neutral effects of MUFA on plasma cholesterol levels in humans were first reported in the
late 1950s and early 1960s by Keys et al. [2,4], who used olive oil as the source of MUFA.
Other MUFA-rich oils, such as canola or high-oleic safflower oil (oleinate), were not widely
available at that time. Later, Mattson and Grundy [6] used oleinate as the source of MUFA,
and suggested that MUFA may be a preferred candidate for SFA replacement in the diet
because lower LDL-C was found with their MUFA-enriched diet without any lowering of
HDL-C concentrations, as was found with their n-6 PUFA comparator diet.

Curr Atheroscler Rep. Author manuscript; available in PMC 2011 November 1.
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Olive oil differs from other MUFA-rich oils (Fig. 1) in that it is 1) lower in PUFA
(compared with canola and oleinate), 2) higher in SFA (compared with canola, oleinate, and
high-oleic sunflower oils), 3) lower in plant sterols than other MUFA-rich oils (110 mg/100
g vs 250-440 mg/100 g), and 4) higher in squalene content (500 mg/100 g vs trace amounts
in canola and oleinate) [16]. Although direct comparisons of consumption of olive oil and
other MUFA-rich oils have been infrequent in humans, the fatty acid percentage
composition differences may, in part, confound results regarding the ability of MUFA from
different sources to modulate plasma cholesterol levels. All food fats are complex mixtures
of fatty acids (Fig. 1), and interactions may not always be obvious.

Differences in the proportion of dietary energy as MUFA may contribute to the variance
among previous reports. Further, whereas Keys et al. [2,4] focused on the effects of MUFA
on TPC, Mattson and Grundy [6] evaluated MUFA effects on plasma LDL-C and HDL-C
levels. This may have some relevance when the effects of MUFA are compared with
carbohydrate. Mensink et al. [17] reported that when olive oil was isocalorically replaced
with complex carbohydrate, TPC and LDL-C concentrations were only slightly lower,
whereas HDL-C decreased and fasting triglyceride concentrations increased. In addition, the
type of olive oil could affect the degree of atheroprotection. For example, virgin olive oil
retains most of its lipophilic components (including alpha-tocopherol, beta-carotene, and
phenolic flavonoid compounds with strong antioxidant properties), whereas refined olive oil
loses most of its antioxidants during the refining process [18]. As a result, compared with
virgin olive oil, refined olive oil was less effective at increasing the resistance of LDL to
oxidative stress [19] and at reducing TPC and the TPC/ HDL-C ratio in adults with mild
abdominal obesity [20].

Although most human and animal studies have examined the atheroprotective effects of
dietary sources of MUFA, one cannot exclude the relative contribution of MUFA
synthesized de novo from SFA or from glucose. Fatty acid elongases (Elovl-5 and Elovl-6)
and desaturases (stearoyl-CoA-desaturase 1 [SCD1]) mediate the conversion of SFA into
MUFA such as palmitoleate (C16:1 n-7) or oleate (C18:1 n-9) and are rate-limiting enzymes
for MUFA biosynthesis. Recently, Green et al. [21] comprehensively analyzed enzymes
involved in MUFA synthesis. Using the rat insulinoma-1 cell line, they showed that ElovI-5
preferentially converts palmitoleic acid (C16:1 n-7) to C18:1 n-7 whereas Elovl-6 elongates
mostly palmitic acid (C16:0) to stearic acid (C18:0), which can then be further desaturated
by SCD1 to oleic acid. These findings, along with the observation that Elovl enzymes can
elongate exogenous fatty acids, provide suggestions on how de novo synthesis of specific
n-7 versus n-9 MUFA species may occur in vivo. Nevertheless, whether modulating MUFA
synthesis via Elovl-5 and Elovl-6 would have different physiologic outcomes is yet to be
determined.

The possibility that selected dietary MUFA species may have different effects on cholesterol
metabolism is supported by some human and animal studies. Palmitoleic acid (enriched in
macadamia nuts) has been reported to increase TPC and LDL-C compared with oleic acid in
hypercholesterolemic individuals [22] but appears to provide a more favorable lipid and
lipoprotein profile compared with a typical Western diet [23,24]. Recently, increased
proportions of palmitoleic acid, along with oleic and palmitic acid, in serum cholesteryl
esters were associated with a higher incidence of death from cardiovascular disease, whereas
higher levels of cholesteryl linoleate were associated with a lower incidence of CVD death
[10e]. Although the interest of nutritionists and researchers has focused on oleic acid and
olive oil, growing experimental evidence casts doubt on the notion that increasing MUFA
intake per se is an effective strategy to provide cardioprotection. Nevertheless, apparently
based on the higher life expectancy associated with a Mediterranean dietary pattern with
olive oil as the key fat source, the United States Food and Drug Administration in 2004

Curr Atheroscler Rep. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Degirolamo and Rudel Page 4

authorized the use of health claims for olive oil. A recent summary of the data linking
MUFA and CHD recommends reconsideration of any recommendation of MUFA as a
proper substitute for SFA [25].

Epidemiologic Evidence for Cardioprotection Based on the Mediterranean

Diet

A large body of epidemiologic evidence based on the “Mediterranean dietary pattern”
(MDP) has been used to support the notion that oleic acid-rich diets confer cardioprotection
[26-29]. However, no primary prevention trial or prospective cohort study has assessed the
association between adherence to an MDP and the incidence of a first coronary event. In the
mid 1990s, Trichopoulou et al. [30] first described the MetDiet Score System as a tool to
assess conformity with the MDP; however this tool does not differentiate oleic acid (or
MUFA) from the other components of the MDP and does not account for other factors in
Mediterranean diets, such as moderate consumption of red wine and a significant
consumption of omega-3 fatty acid-rich foods. The early definition of MDP (a high intake of
olive oil-derived MUFA, reduced intake of meat and dairy products, and increased
consumption of green leafy vegetables and fruit) is not the current dietary pattern in
Mediterranean regions [3]. Contrary to popular thought, Mediterranean populations do eat
dairy products (although mainly derived from goat’s milk instead of cow’s milk), pork, and
are not vegetarian.

Most dietary intervention studies have used surrogate markers for CHD risk (such as LDL-C
and HDL-C levels) and not CHD mortality rate. As reviewed earlier by Brown et al. [25],
when the extent of atherosclerosis (as the underlying cause of CHD) was directly assessed
following dietary intervention, both human and animal studies consistently documented that
MUFA were not atheroprotective compared with SFA. Studies in non-human primates and
transgenic mouse models helped to identify the hepatic enzyme acyl-CoA: cholesterol-O-
acyltransferase 2 (ACAT?2) as a critical player in mediating MUFA-induced alterations in
atherosclerosis and provided experimental evidence for the use of plasma LDL cholesteryl
oleate as a predictor (or biomarker) for atherosclerosis [31-34,35¢¢,36].

There is no consensus on the best way to measure fatty acid intake and its relationship to
incidence of CHD. Some studies support the use of serum cholesteryl ester (CE) fatty acid
composition to evaluate dietary fatty acids [37,38], whereas others have related serum fatty
acid composition with mortality or CHD end points [39,40]. As a result, studies that measure
MUFA intake using plasma fatty acid compositions or MUFA enrichment in either plasma
CE or phospholipid (PL) may not always accurately reflect MUFA intake. Of note, PL-
MUFA levels do not necessarily reflect the dietary intake because MUFA can be
synthesized de novo. On the other hand, PL-PUFA may be more reflective of fatty acid
intake because humans cannot synthesize these FA [41,42]. However, the proportion of
MUFA and PUFA within different plasma lipid classes varies considerably.

There is an increasing interest in elucidating the atheroprotective potential of minor, though
highly bioactive, non-MUFA components in olive oil. Results from the EUROLIVE Study
suggest that more work is needed to pinpoint which dietary components (possibly not from
olive oil) are responsible for the anti-inflammatory, antioxidant, and vasodilatory properties
observed in people consuming a Mediterranean-type diet [43,44].

The relative benefits of MUFA-rich diets compared with carbohydrate-enriched or protein-
enriched diets in the management of CHD risk factors (eg, elevated blood pressure, high

plasma triglycerides, and postprandial dyslipidemia) is still a matter of debate, especially in
individuals at high risk of metabolic abnormalities for whom the preferred replacement for
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SFA is unresolved. Recent data from the Dietary Effects on Lipoproteins and Thrombogenic
Activity (DELTA) trial [45] and OmniHeart study [46] provide suggestions of relevance,
although their findings are based only on surrogate markers of CHD. DELTA trial
investigators found that when 7% of energy from SFA was replaced with MUFA, a
significant reduction in TPC, LDL-C, and HDL-C could be measured in metabolic
syndrome patients [45]. Similarly, the OmniHeart Study in healthy individuals showed that a
partial substitution of carbohydrate with either protein or monounsaturated fat can lower
both blood pressure and triglyceride levels [46].

Can Plant-Derived and Animal-Derived MUFA have Different Influences on
Cardiovascular Risk?

The Atherosclerosis Risk in Communities (ARIC) study, a cohort study of healthy middle-
aged adults, provided the first evidence of the association between plasma PL and CE fatty
acid composition and the surrogate marker for CHD, carotid artery wall intima-medial
thickness [47,48]. After adjustment for age and energy intake, SFA and MUFA intake—
along with animal fat and cholesterol—were positively correlated with carotid artery wall
thickness, as was plasma cholesteryl oleate, whereas vegetable fat and PUFA intakes, and
plasma cholesteryl linoleate, were negatively correlated. Although the ARIC study paved the
way for new investigations aimed at identifying correlations between CHD risk and plasma
fatty acid composition, the caveats mentioned previously discussing the difficulty of
associating plasma fatty acid composition with dietary fatty acid intake still apply.

With the exception of the work by Laaksonen et al. [39], the relationship between serum
MUFA and CHD mortality has been poorly documented. The Uppsala Longitudinal Study
of Adult Men (ULSAM) [10+] studied approximately 2000 men with a mean age at baseline
of 50 years who were re-examined at ages 60, 70, 77, and 82 years to assess relationships
between dietary fat biomarkers, desaturase indexes, and mortality. Dietary oleic acid was
mainly derived from meat and dairy products in this Swedish population. Serum cholesteryl
palmitate, palmitoleate, and oleate percentages were positively and significantly related to
both total and cardiovascular mortality whereas that for cholesteryl linoleate was inversely
associated. The most robust evidence to date relating MUFA intake to CHD risk comes from
a pooled analysis of 11 cohort studies that comprised 344,696 individuals, 5249 CHD
events, and 2155 coronary deaths [9ee]. Using substitution models, Jakobsen et al. [9e¢]
tested the hypothesis that energy intake from unsaturated fatty acids or carbohydrate should
replace energy intake from SFA to prevent CHD. They found a direct association between
substitution of MUFA for SFA and risk of CHD events, but no association with coronary
deaths. On the other hand, for each 5% of energy from SFA replaced by PUFA, a significant
inverse association between PUFA and risk of coronary events and deaths was
demonstrated.

As with the ULSAM Study, a major source of MUFA in these 11 studies was animal fat
(meat and dairy products), so confounding from other dietary components in these sources
cannot be excluded. However, when the data were adjusted to account for different effects
of cis-MUFA versus trans-MUFA, no changes in the hazard ratio were found. These data
support previous studies [10e¢,25,32-34,36] in suggesting that for CHD prevention,
isocaloric replacement of SFA with PUFA is preferable to replacement with MUFA or
carbohydrate.

Interestingly, this work has intensified the debate about the source of MUFA (animal-
derived vs plant-derived) and how this might account for different degrees of
cardioprotection [49]. In northern European and US populations, MUFA and SFA intakes
often were linked, which may have obscured potential benefits of MUFA intake. On the
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other hand, the observation that earlier studies consistently used plant-derived MUFA (e.g,
olive and vegetable oils) may support the notion that other components of these oils can
contribute to a cardioprotective profile. However, in studies in non-human primates and
mice [32-34,35¢¢,36], dietary MUFA from vegetable sources did not reduce the extent of
atherosclerosis compared with SFA, whereas PUFA offered protection. On balance then,
fatty acid composition, per se, regardless of the fat source, appears to be a significant part of
the answer.

Based on the current MDP, studies promoting adherence to MDP may not provide clear-cut
answers about cardio-protective effects. Additionally, nutrigenomics has shown us that the
individual responses to dietary fat may vary; accordingly, a personalized dietary regimen
may be desirable for each individual to achieve protection from cardiovascular disease
[50,51]. In this context, it is possible that SFA replacement with MUFA might be beneficial
for selected individuals. Nevertheless, many types of evidence have shown that PUFA
replacement for SFA has effectively reduced CHD risk in both healthy and dyslipidemic
individuals and in populations where the source of MUFA is either animal or vegetable [47],
suggesting that this substitution is overall more beneficial for protection from cardiovascular
disease.

Conclusions

Cumulative evidence suggests that dietary and lifestyle modifications may help prevent
cardiovascular disease and should be considered as a primary treatment before cholesterol-
lowering or blood pressure—lowering drugs are used. A major area of uncertainty for the past
50 years has been the relationship among the type of dietary fat, CHD, and associations with
well-known CHD risk factors (e.g, serum cholesterol, hypertension, obesity, and
inflammation). Based on the higher life expectancy associated with a MDP (where olive oil
is the key fat source) and subsequent epidemiologic evidence, in 2004 the United States
Food and Drug Administration authorized the use of health claims for olive oil; however, a
recent appraisal based on a large body of experimental evidence suggests that MUFA might
not be the proper substitute for SFA [25]. The debate continues on the optimal dietary fatty
acid composition, but the evidence supporting MUFA as the healthy dietary fatty acid is
weak. Even when considering the food source of MUFA (plant vs animal), there is little
evidence to support recommendations to increase dietary MUFA for CHD prevention. On
the other hand, increasing dietary PUFA consistently appears to provide benefit.
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Fatty acid composition of fats and oils
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Fig. 1.

Average fatty acid percentage compositions of selected representative samples of fats and
oils. Mono monounsaturated; n-3 omega 3; n-6 omega-6; Poly polyunsaturated; Sat
saturated. (Data from Reeves and Weihrauch [52], and Rudel LL [unpublished data].)
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