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Abstract Lack of consensus exists pertaining to the scien-
tific evidence regarding effects of various dietary fatty acids on
cardiovascular disease (CVD) risk. The objective of this article
is to review current evidence concerning cardiovascular health
effects of the main dietary fatty acid types; namely, trans
(TFA), saturated (SFA), polyunsaturated (PUFA; n-3 PUFA
and n-6 PUFA), and monounsaturated fatty acids (MUFA).
Accumulating evidence shows negative health impacts of
TFA and SFA; both may increase CVD risk. Policies have
been proposed to reduce TFA and SFA consumption to less
than 1 and 7 % of energy intake, respectively. Cardiovascular
health might be promoted by replacing SFA and TFA with n-6
PUFA, n-3 PUFA, or MUFA; however, the optimal amount
of PUFA or MUFA that can be used to replace SFA and TFA
has not been defined yet. Evidence suggests of the potential
importance of restricting n-6 PUFA up to 10 % of energy and
obtaining an n-6/n-3 ratio as close as possible to unity, along
with a particular emphasis on consuming adequate amounts of
essential fatty acids. The latest evidence shows cardioprotec-
tive effects of MUFA-rich diets, especially when MUFA are
supplemented with essential fatty acids; namely, docosahex-
aenoic acid. MUFA has been newly suggested to be involved
in regulating fat oxidation, energy metabolism, appetite sensa-
tions, weight maintenance, and cholesterol metabolism. These
favorable effects might implicate MUFA as the preferable
choice to substitute for other fatty acids, especially given the
declaration of its safety for up to 20 % of total energy.
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Abbreviations

ARA Arachidonic acid

ALA Alpha-linolenic acid

Apo Apo-lipoprotein

CHO Carbohydrate

COMIT The Canola Oil Multicenter Intervention Trial
CVD Cardiovascular disease

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

HbAlc Hemoglobin Alc

HDL-C High density lipoprotein cholesterol
LNA Linoleic acid

LDL-C Low density lipoprotein cholesterol
MUFA Monounsaturated fatty acid

n-3 PUFA  Omega-3 polyunsaturated fatty acid
n-6 PUFA  Omega-6 polyunsaturated fatty acid
PUFA Polyunsaturated fatty acid

SFA Saturated fatty acid

TC Total cholesterol

TFA Trans fatty acid

VLDL-C  Very low density lipoprotein cholesterol
TAG Triacylglycerol

WHO World Health Organization
Introduction

An important health concern is to identify and control
modifiable risk factors for prevention of cardiovascular dis-
ease (CVD) [1, 2]. Modulating dietary fat intake plays an
integral role in preventing and controlling CVD risk [3, 4].
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Observational and clinical data suggest that the amount and
quality of dietary fat exist as main foci of dietary guide-
lines targeting reduced morbidity and mortality related to
such diseases [2, 4-9]. This interest has been particularly
directed towards four main types of fatty acids in food;
trans fatty acids (TFA), saturated fatty acids (SFA), mono-
unsaturated fatty acids (MUFA), or the two types of pol-
yunsaturated fatty acids (n-3 PUFA and n-6 PUFA) [2].
These fatty acids are classified depending on the number,
location, and configuration of double bonds contained
within the fatty acid chains [2, 10]. Higher intakes of SFA
(~12 % of total energy), TFA (~2 % of total energy), and
an offset n-6 PUFA:n-3 PUFA ratio (>10:1) characterize
current dietary patterns in industrialized countries [8, 11].
Until now, international guidelines have been consider-
ably varied in term of recommended amounts and types of
fatty acids for optimization of cardiovascular health [2, 8,
10]. This variation might be partially attributable to lack of
conclusive scientific evidence for several possible reasons
[10, 12-14]. Firstly, inaccuracy may exist in the means of
measurement of dietary fatty acid intake using self-reported
dietary assessment tools in observational studies. Secondly,
in controlled trials, differences in trial length, diet composi-
tion, and trial power may also be responsible [10, 12]. The
controversy might be attributed to the diversity in design
and/or tested parameters between different trials; trials have
either studied effects of dietary fatty acids on intermediate
risk markers, such as blood lipids, or studied effects of het-
erogeneous dietary fatty acids on heterogeneous combina-
tions of cardiovascular outcomes, which indeed limit our
ability to compare between study results [13]. Addition-
ally, inter-individual genetic variation might, in part, also
explain the inconsistency in existing scientific evidence;
heterogeneity in genetic regulation of lipid metabolism
may result in different metabolic responses to a given die-
tary fat [14]. In this review, the objective is to review and
assess current evidence regarding cardiovascular effects of
the four principal dietary fatty acid categories. Specifically,
search procedures for studies and reviews in this particular
field were performed using the PubMed database, and tar-
geted recent publications from 2000 through 2015.

Trans Fatty Acids

TFA are unsaturated fatty acids with one or more double
bonds in trans configurations [1, 15, 16]. Two sources of
dietary TFA exist; one is ruminant-derived TFA, but is
found naturally only in trace amounts, while the second
and main source is through the industrial hydrogenation of
vegetable oils [1, 15, 17, 18]. The process of hydrogenation
converts liquid vegetable oils into semi-solid fats, charac-
terized by longer shelf life as well as greater stability and
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solidity for their use in commercial cooking and manufac-
turing processes [1, 15, 18]. Margarines, deep-fried fast
foods, bakery products, and packaged foods are the main
sources of TFA in North American diets [15, 17].

TFA from partially hydrogenated vegetable oils are
known for their independent associations with cardio-
vascular events [1, 3, 19]. Results from meta-analysis of
cohort studies on TFA show that high intakes (2.5-6.3 %
total energy) of TFA significantly increase relative risk of
CVD deaths by more than 30 % and CVD events by 25 %,
as compared with low (<1-2.4 % total energy) TFA intake
[3]. In the United States alone, 600,000 myocardial infarc-
tions and 451,300 deaths related to coronary heart dis-
ease are reported yearly, which might be related, in part,
to high intakes (2-3 % of total energy) of TFA [1]. A2 %
increase in TFA consumption was associated with a 23 %
higher incidence of CVD [20]. TFA consumption has been
recently suggested to be a causative factor for metabolic
dysfunction, abnormal lipid profile, systemic inflammation,
endothelial dysfunction, increased visceral adiposity and
higher body weight, as well as risk of type 2 diabetes mel-
litus [1].

The impact of TFA on lipid parameters has been thor-
oughly studied [15-17, 19, 21]. Increasing evidence has
documented that consumption of TFA is associated with
significant elevations in plasma total cholesterol (TC), low
density lipoprotein cholesterol (LDL-C), triacylglycerol
(TAG), very low density lipoprotein cholesterol (VLDL-
C), lipoprotein-a, and ratios of TC: high density lipopro-
tein cholesterol (HDL-C) and LDL-C:HDL-C, as well
as a reduction in HDL-C concentrations [15, 17, 19, 21].
On a metabolic basis, these alterations might occur due to
decreased particle size and catabolic rates of apolipopro-
tein (apo) B-100 [15, 16] and/or increased catabolic rates
of apo A-I [15]. Additionally, it has been found that con-
sumption of TFA increases the transfer of cholesterol esters
from HDL-C to LDL-C and VLDL-C, due to an increase in
plasma activity of cholesteryl ester transfer protein levels
[15].

A meta-analysis of 60 controlled trials concluded that
replacing TFA with unsaturated fatty acids efficiently
improved blood lipid profiles, and especially the ratio
of TC:HDL-C [5]. The TC:HDL-C ratio was found to be
reduced by 0.022, 0.054 and 0.067 after replacing 1 % of
energy of TFA by carbohydrate (CHO), oleic acid or lin-
oleic acid (LNA), respectively [21]. Over a 1-year period,
for every 1 % reduction in consumption of TFA, an inde-
pendent and significant reduction of 27 nmol/L in LDL-C
particle number was observed [20]. The Centers for Dis-
ease Control and Prevention of the United States estimate
prevention of 20,000 coronary events and 7000 deaths from
coronary causes each year in the United States as a result of
complete elimination of dietary TFA [22].
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Beyond altering plasma lipid profiles, consumption of
TFA results in their incorporation into phospholipids within
cellular membranes which in turn might alter membrane
fluidity, as well as responses of membrane receptors [23]. It
has also been suggested that TFA might be able to regulate
gene expression, and therefore, affect CVD-related meta-
bolic abnormalities such as inhibiting the normal metabo-
lism of essential fatty acids [24]. TFA may decrease the
amount of arachidonic acid (ARA), eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) levels, possibly by
interfering with the desaturation and elongation of n-3 and
n-6 fatty acids [25].

TFA intake has also been associated with other CVD
risk factors, such as obesity, inflammatory biomarkers, and
endothelial dysfunction [26, 27]. A substitution of 2 % of
total energy of either PUFA or CHO with TFA was asso-
ciated with a 0.77 cm waist gain [26]. Additionally, con-
sumption of TFA was found to adversely affect endothelial
function, and was found to elevate C-reactive protein, inter-
leukin-6 (IL-6), soluble tumor necrosis factor receptor 2,
E-selectin, as well as soluble intercellular and vascular cell
adhesion molecules [27].

Therefore, different policies were proposed at national
and international levels to reduce/eliminate TFA consump-
tion. For example, several jurisdictions have banned par-
tially hydrogenated oils starting in 2003 [22]. In addition,
mandatory labelling has been adopted by many countries.
Indeed, the recent recommendation of World Health Organ-
ization (WHO) is to restrict TFA intake to less than 1 % of
dietary energy intake [18]. Additionally, the United States
Food and Drug Administration has not only allowed for
only small amounts (1-2 % of energy) of TFA to be used
in foods in the United States, but further declared a notice
proposing that partially hydrogenated oils are no longer
considered “generally recognized as safe” [22]. However,
such policies have not been not successful enough to reflect
a reduction in TFA intake in all countries [18]. Further edu-
cation and more restrictive policies, especially at the indus-
trial level, are needed to completely eliminate partially
hydrogenated TFA from foods.

Saturated Fatty Acids

SFA have no double bonds between carbon atoms of the
fatty acid chain [2, 10]. Major sources of dietary SFA are
meat and dairy products, as well as certain plant fats such
as palm oil [2, 28]. One of the most frequently stated die-
tary recommendations for a healthier cardiovascular sys-
tem is to reduce SFA intake [4, 13]. In the US, the current
daily dietary intake of SFA is high, reaching 11-12 % of
total energy [8]. Based on data from controlled trials, inter-
vention studies, and prospective cohort studies, the U.S.

Department of Agriculture and U.S. Department of Health
and Human Services in 2010 recommended consumption
of less than 10 % of energy from SFA [29]. Furthermore
and more recently, according to the American Heart Asso-
ciation’s Diet and Lifestyle Recommendations, SFA intake
should be less than 7 % of total energy [2].

Studies on animals and humans have shown positive
associations between dietary SFA intake and plasma cho-
lesterol concentrations as well as CVD risk [12, 30]. For
instance, Jakobsen et al. found a 36 % greater risk of CVD
among women who consumed 5 % higher level of energy
from SFA [31]. SFA intake has been suggested to inhibit
LDL-C receptor activity and to enhance apo B production,
thus elevating plasma LDL-C and TC levels, as well as
the LDL-C:HDL-C ratio [14, 21]. Consumption of SFA is
associated with increased body weight, insulin resistance,
abnormal glycemic response, and inflammatory capacity
of adipose tissue [28, 32]. Consumption of SFA diet (8 %
of total energy of stearic acid), compared with CHO, was
found to elevate fibrinogen concentrations by 4.4 %, which
is thought to raise the risk of myocardial infarction by 7 %
[33]. Trials of longer duration might be required to detect a
potentially important reduction in CVD risk with reduction
or modification of SFA; indeed, reducing SFA intake in
longer-term trials, by either simply reducing its quantity or
substituting a certain amount with unsaturated fatty acids
and/or CHO, resulted in a 17 % risk reduction of cardio-
vascular events [7]. A systematic review and meta-analysis
of randomized controlled trials replacing SFA with PUFA
found that the incidence of CVD events decreased by 19 %;
with 10 % reduction in CVD risk with each 5 % (of energy)
replacement of SFA [13]. When either MUFA or CHO
were used as replacements for SFA, reductions in plasma
TC, LDL-C, and HDL-C levels were observed [14]. Simi-
larly, LDL-C concentrations were significantly decreased
in response to replacing 7 % of SFA with either MUFA or
CHO [14].

On the other hand, more recent studies examining the
association of dietary SFA with CVD morbidity and/
or mortality have revealed inconclusive results; varied
between either positive [31, 34], inverse [12, 37], or even
no association [35, 36]. Different meta-analysis studies
have argued that no association exists between SFA intake
and increased risk of CVD [10, 12]. This controversy has
raised a claim, by Chowdhury et al., that the current car-
diovascular guidelines of reducing SFA intake are not sup-
ported by strong evidence; they found, in their meta-analy-
sis, that the relative risk for coronary disease was 1.02 for
SFA intake [10].

The debate has been extended further to question
whether the beneficial effect of replacing SFA results from
adding more of the replaced nutrient or from eliminat-
ing SFA from diet [14]. It has been argued that protective
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effects of replacing SFA with PUFA observed in interven-
tion trials were detected at PUFA:SFA ratios ranging from
1.4 to 2.4, which greatly exceed the threshold of 0.49 above
which CVD risk reduction has been previously reported
[12]. This finding might indicate that a high level of PUFA
is required to counteract SFA effects on CVD. However, in
a randomized, controlled, parallel-group dietary interven-
tion, about 9.5 % energy of SFA was replaced with either
MUFA or n—6 PUFA [38]. This replacement of SFA with
MUFA induced a reduction in plasma levels of TC by
8.4 % and LDL-C by 11.3 %, while PUFA replacement
reduced plasma TC and LDL-C levels by 9.2 and 13.6 %,
respectively. A 17-20 % reduction in CVD mortality has
been estimated to be induced due to changes in LDL-C
level of this magnitude [38].

This discrepancy among the available sources of scien-
tific evidence might be, in part, explained by dissimilari-
ties in the impact of different SFA on CVD risk. Plasma
LDL-C levels were found to be differentially affected by
myristic acid (C14:0) followed by lauric (C12:0) and pal-
mitic (C16:0) acids [39]. On the other hand, no signifi-
cant effects have been detected for stearic acid (C18:0) on
plasma TC or LDL-C or TC:HDL-C ratio as compared with
CHO [14, 21]. Dietary intakes of different populations have
diverse SFA compositions; this possibly affects the consist-
ency between studies conducted across different countries
[39]; Western diets mainly supply fats consisting of myris-
tic and lauric acid, while palmitic acid is the major SFA in
the diet of Latin America, Asia, and Europe. In addition to
the effect of different SFA types, it has been proposed that
TAG structure plays a role in inducing cholesterolemia [30].
Additionally, the effect of SFA intake on CVD risk might
be influenced by the source of SFA. Plant sources of pal-
mitic acid failed to elevate plasma TC and LDL-C levels in
contrast to animal sources [21]. Similarly, cheese consump-
tion failed to elevate LDL-C concentrations as much as did
butter [14]. Furthermore, the LDL-C raising effect of SFA
has been suggested to be affected by the presence of other
dietary components. Plasma LDL-C concentrations were
the greatest when the intake consisted of SFA containing
the highest level of dietary cholesterol, while the intake of
SFA had a negligible effect when cholesterol was absent
and PUFA was adequate (5-10 % of energy) [14]. In the
MultiEthnic Study of Atherosclerosis, higher intakes of SFA
from dairy were associated with a lower CVD risk, which
might be attributable to increased fecal fat excretion and the
calcium content of dairy foods [40]. The inconsistency in
results within the available literature is probably either due
to using different nutrients for replacing dietary SFA, or to
diversity in types of SFA. For instance, palm oil substitution
for myristic and lauric acid significantly lowered serum con-
centrations of TC, HDL-C, and apo A-I, and showed a trend
for significant reduction of LDL-C levels [30].
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Notwithstanding these inconsistencies in the current
scientific evidence, professional authorities such as WHO,
American Dietetic Association, Dietitians of Canada,
American Heart Association, and others all around the
world advise on the positive association between SFA
consumption and CVD risk, and all underscore the impor-
tance of reducing SFA intake for a healthier cardiovascu-
lar system [2, 41]. SFA must be restricted at least to less
than 10 % of total energy, and to less than 7 % for high-risk

group.

Polyunsaturated Fatty Acids

PUFA are fatty acids that contain more than one double
bond in their backbone [42]. Two classes of PUFA are well
known for their nutritional relevance; n-6 and n-3 PUFA,
based on the position of their double bonds [43]. LNA
(C18:2n-6) and alpha-linolenic acid (C18:3n-3; ALA),
the two essential fatty acids [42, 43], can both be further
elongated and desaturated to longer chain PUFA in human
body. LNA is considered the precursor of ARA (C20:4n-6),
and ALA is the precursor of both EPA (C20:5n-3) and
DHA (C22:6n-3) [25]. Dietary Guidelines for Americans
recommend an intake of 5-10 % of energy from n-6, and
0.6 to 1.2 % of energy from n-3 PUFA [2]. Additionally,
the American and European heart associations have recom-
mended sufficient intake of these long-chain PUFA (1 g/
day of EPA and DHA) for preventing cardiovascular events
[42].

During the past few decades, the Western dietary pat-
tern has been changing toward increasing consumption of
PUFA-rich vegetable oils and decreasing animal fats. For
example, the daily consumption of LNA and ALA has
increased by about 50 and 100 %, respectively, in the last
20 years in Europe [42]. Results from randomized con-
trolled trials indicate that consumption of total (n-6 and
n-3) PUFA at 10-21 % energy reduces the risk of CVD
by 17 %, as compared with lower intakes [44]. Compared
to CHO or any other major class of fatty acids, consump-
tion of PUFA has the most beneficial effect on TC:HDL-
C, mainly by reducing LDL-C levels [13]. For each 5 %
(of energy) short-term increment in total PUFA consump-
tion, plasma LDL-C was reduced by 0.26 mmol/l without
significant reductions in HDL-C concentrations [5]. The
13-15 % LDL-C reduction effect was associated with a
25-43 % reduction in CVD events [45]. PUFA may also
contribute to cardiovascular health by improving insulin
resistance and reducing systemic inflammation [46, 47].
These favorable effects of PUFA highlight the possibility of
using PUFA for replacing dietary SFA; however, the extent
of this replacement might be limited to a certain extent,
by subsequent evidence that shows possible negative
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effects of high PUFA intake on cardiovascular health. For
instance, consumption of more than 10 % of energy from
PUFA has been suggested to increase CVD risk [13]. Fur-
ther, increases in the development of new arterial lesions
were significantly associated with consumption of 9.7 %
energy of total PUFA [45]. This discrepancy might in part
be attributable to higher intake of n-6 relative to n-3, as dis-
cussed later in this chapter.

The two classes of PUFA, n-3 and n-6 fatty acids,
have different roles and effects on cardiovascular health.
The n-3 fatty acids may contribute to the cardiovascular
benefits by decreasing TAG and VLDL-C levels, as well
as apo B production, blood pressure, platelet aggregation
and moderate elevating HDL-C levels [42, 48, 49]. Fur-
thermore, n-3 fatty acids may promote vasodilation, anti-
inflammatory response, improvements in endothelial func-
tion, and neutralize oxidative damage as well as restore
free radical homeostasis, among other functions [42, 48,
50]. The beneficial effect of reducing TAG and VLDL-C
levels has been found to be induced mostly by n-3 PUFA
compared to other fatty acid classes [45]. This effect is
well established, and is induced by controlling TAG uptake
and synthesis in the liver [48]. Supplementing 4 g/day of
DHA and EPA for 6 weeks was found to reduce VLDL-C
and TAG levels by 20 and 18 %, respectively, as compared
to 4 g/day of corn oil [49]. Adding n-3 PUFA sources to
the diet has been shown to lead to a 30-50 % reduction
in CVD-related morbidity and mortality [42, 48]. How-
ever, scientific evidence shows inconsistent results regard-
ing cardiovascular effects of n-3 PUFA consumption. A
recent review indicated no strong effects of n-3 PUFA in
lowering blood lipids or fibrinolysis and plasminogen
activator inhibitor-1 [42]. Based on a large body of clini-
cal trial data, no effect of 5 years of supplementation with
1.8 g/d EPA was found on plasma TC, LDL-C, or HDL-C
levels [50]. Further, 3 g/d of fish oil supplementation, as a
major source of n-3 fatty acids, for 3 months was shown
to increase TC and LDL-C levels [50]. n-3 PUFA enhance
the catabolism of VLDL-C, which, therefore, might result
in increase in the production of intermediate-density lipo-
protein and LDL-C [49]. In addition, scientists have been
increasingly concerned regarding the higher risk of hem-
orrhagic complications following prolonged supplemen-
tation with n-3 PUFA [48]. Even the antioxidant ability
of n-3 fatty acids has been questioned, especially at high
doses where these fats have been suggested to act as a pro-
oxidants [50].

Regarding cardiovascular effects of n-6 PUFA, epide-
miological evidence has revealed a beneficial effect of n-6
fatty acids on plasma LDL-C, TC, and HDL-C levels, as
well as the TC: HDL-C ratio [42-45]. A replacement of
10 % of calories from SFA with n-6 PUFA was found to
decrease LDL-C by 0.46 mmol/l [44]. Diets rich in LNA

(12 % energy PUFA, 11 % SFA, 16 % MUFA, 0.1 %
TFA) were found to lower serum TC concentrations by
0.15 mmol/l and LDL-C by 0.17 mmol/l when compared
to diets rich in stearic acid (4.2 % PUFA, 10 % SFA, 23 %
MUFA, 7.7 % TFA) [45]. Improvements in insulin resist-
ance and reductions in blood pressure have also been iden-
tified as favorable effects of n-6 fatty acids consumption
[44]. Similar to n-3 fatty acids, controversy exists in the lit-
erature regarding the role of n-6 fatty acids in CVD preven-
tion. A diet containing in excess of 10 % n-6 fatty acids has
been evoked to induce adverse effects against CVD, mostly
due to their proinflammatory and oxidation effects [11, 42].
It is suggested that dietary n-6 fatty acids may increase
oxidation susceptibility of LDL-C and VLDL-C [42].
High intake of n-6 PUFA might also be associated with
increased vasospasm, vasoconstriction, and blood viscos-
ity [11]. ARA is a substrate for the synthesis of a diversity
of vasoconstrictive, proinflammatory, and proaggregatory
molecules; therefore, this category of fats might induce
atherosclerosis, high blood pressure, and thus increase risk
of CVD and obesity [11, 44, 51]. Higher concentrations of
proinflammatory interleukin-6, tumor necrosis factor alpha,
and C-reactive protein levels were evidenced with higher
intakes of n-6 PUFA [11, 51]. These adverse effects were
maximized when n-6 PUFA intake was accompanied with
low dietary n-3 PUFA intakes [11]. It is worth mentioning
that most interventional trials that failed to detect cardio-
vascular protective effects of higher n-6 PUFA consump-
tion, ranging between 4 and 15 % more PUFA in treat-
ment than in control group, were insufficiently powered,
while corresponding meta-analyses have shown protec-
tive effects [13]. Additionally, a systematic review of ran-
domized, controlled intervention studies among healthy,
non-infant humans concluded that an absence of evidence
exists regarding the adverse effects of LNA on inflamma-
tory markers [52].

In fact, numerous studies have highlighted the impor-
tance of the n-6/n-3 FA ratio, rather than the amount of
each single fatty acid individually, on health status [25, 42].
It has been documented that a high ratio of n-6/n-3 fatty
acids is related to the pathogenesis of CVD, whereas pro-
tective effects appear when the ratio is close to unity [42].
Lower ratios of n-6/n-3 fatty acids have been found to be
associated with suppressed levels of vascular endothelial
growth factor and inflammatory biomarkers, as well as with
reduced rates of platelet aggregation [25]. During the past
few decades, this ratio has increased in the Western diet
to reach a range of 10:1 to 20:1 [11]. When such a high
n-6/n-3 ratio was reduced, in a prospective prevention trial,
to reach 4:1, it was found to be associated with 70 % reduc-
tion in all-cause mortality [42]. Howeyver, this ratio does not
distinguish among different classes of PUFA, or whether
the consumption of essential fatty acids is sufficient [42].
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Also the preferable strategy to obtain the desirable n-6/n-3
fatty acid ratio has not been presently defined [53].

The majority of evidence is highly supportive of the
beneficial effects of PUFA on cardiovascular morbidity
and mortality risk when the population intake is low and as
long as the increase does not exceed the upper acceptable
level [45]. Until the discrepancy in the existing evidence
is resolved, the Dietary Guidelines for Americans recom-
mend an intake of 5-10 % of energy from n-6, and 0.6 %
to 1.2 % of energy from n-3 [2]. Most importantly, PUFA
intake should be directed to obtain an n-6/n-3 ratio as close
as possible to unity, while ensuring an adequate intake of
essential fatty acids.

Monounsaturated Fatty Acids

MUFA are fatty acids that possess one double bond in
the carbon chain, with the remaining carbon atoms being
single-bonded. Oleic acid (C18:1n-9) is the predomi-
nant dietary MUFA, accounting for up to 92 % of dietary
MUFA [43]. With the extensive evidence regarding elimi-
nating TFA, reducing SFA, and limiting PUFA intake to
about 10 % of energy, scientific interest has been directed
toward emphasizing the cardioprotective effect of MUFA
consumption. Dietary MUFA consumption has been sug-
gested as inducing a 20 % reduction in the risk of CVD
events, as evidenced by a large body of prospective cohort
studies [8]. While the American Heart Association sets a
limit of MUFA consumption at 20 % of total energy [54],
recent recommendations of the American Diabetes Associ-
ation and Dietitians of Canada allow for consuming almost
25 % of energy of MUFA [8, 54]. These recommendations
have been derived based on a body of evidence that shows
favorable effects of MUFA on CVD risk reduction, and are
also supported by the absence of reported side effects of
MUFA-rich diet in the literature, compared to other fatty
acids [8, 54].

Among the numerous dietary sources of MUFA, olive
and canola oil are the most commonly consumed [8]. The
Mediterranean diet is characterized by its high MUFA
content, 16-29 % of energy as MUFA out of 33-40 % of
energy as total fat, with olive oil being the predominant
source of fat, and SFA as low as 8 % [8, 50]. The Mediter-
ranean dietary pattern is associated with a low prevalence
of chronic disease among its consumers [55, 56], more
specifically, the cardioprotective effects of this dietary
pattern have been extensively reported in epidemiological
studies and randomized clinical trials [8, 50]. For instance,
the prevalence of metabolic syndrome in the United States
is almost threefold compared to the prevalence in Medi-
terranean countries [8], most likely attributable to differ-
ence on their dietary patterns [56]. Even though the total
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levels of fat in Mediterranean and Western diets are simi-
lar, massive differences are found in the type of fat [8]. In
the United States, SFA might reach 11-12 % of energy
with low intake of MUFA (13-14 % energy), while oleic
acid, usually is the main source (92 %) of MUFA [8]. For
more than a decade, and in an attempt to reduce CVD
risk, high-oleic canola oil with higher stability has been
commercially produced in North America, making this
healthy vegetable oil suitable for use in food preparation
and processing as well as a replacement for dietary SFA
and TFA [57].

The beneficial effect of MUFA on cardiovascular health
was proposed to be induced by modulating several param-
eters, Table 1 shows newly identified effects/mechanisms.
MUFA-rich diet reduces cardiovascular effects by lower-
ing plasma TC and LDL-C levels as well as elevating the
HDL-C:TC ratio [21, 50]. MUFA-rich diets have variously
been found to increase HDL-C more than do PUFA- or
CHO-rich diets [8, 58]. Regular consumption of dietary
MUFA among myocardial infarction patients was shown to
induce a significant 24 % reduction in mortality risk [50].
One previous study showed that feeding a diet rich in high-
oleic canola oil reduced plasma TC and LDL-C levels by
3.5 and 7.4 %, respectively, whereas more favorable effects
were induced when canola oil was enriched with ALA;
—11 % in TC and —15.1 % in LDL-C. However, feeding
the blended oil (canola with ALA) resulted in 8.5 % reduc-
tion in HDL-C level [6]. In contrast, HDL-C levels did not
change following consumption of moderate fat weight-
maintenance diets (33 % energy) with high MUFA content
in overweight and obese subjects, while this diet decreased
TAG and TC:HDL-C and non-HDL-C:HDL-C ratios [59].
These favorable effects of MUFA on lipid profile have
been suggested to be induced via ability of dietary MUFA
to stimulate acyl-CoA: cholesterol acyltransferase in the
liver, which leads to an augmented cholesterol ester forma-
tion, decreased sterol pool, and higher expression of the
LDL receptor in the liver [60]. Moreover, low cholesterol
content of high MUFA diet may result in degradation of
insulin-induced gene-1 protein, and therefore, inactivation
of the transcription factor sterol regulatory element binding
protein which regulates cholesterol synthesis, cellular LDL
uptake, and fat oxidation. This inactivation inhibits the bio-
synthesis and cellular uptake of cholesterol and promotes
fat oxidation [60].

Evidence from clinical trials and meta-analysis has
shown a beneficial effect of MUFA-rich diets on blood
pressure in hypertensive and pre-hypertensive subjects as
well as among metabolic syndrome patients, as compared
to CHO- or PUFA-rich diets [58, 61, 62]. Further, provid-
ing a MUFA-rich diet for 6 months was found to markedly
reduce the daily requirement of anti-hypertensive medica-
tion [58].
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Table 1 Newly identified
cardiovascular effects/
mechanisms of action for
dietary MUFA

Cardiovascular effect

Suggested mechanism

References

Lipid profile

Energy metabolism, body
composition and body
weight

Energy intake

Cholesterol metabolism

Via ability of dietary MUFA to stimulate acyl-CoA:
cholesterol acyltransferase in the liver, which
leads to an augmented cholesterol ester formation,
decreased sterol pool, and higher expression of the
LDL receptor in the liver

Low cholesterol content of high MUFA diet may
result in degradation of insulin-induced gene-1
protein, and therefore, inactivation of the transcrip-
tion factor sterol regulatory element binding protein
(which regulates cholesterol synthesis, cellular LDL
uptake, and fat oxidation); this inactivation inhibits
the biosynthesis and cellular uptake of cholesterol
and promotes fat oxidation

High oxidation rate of MUFA

Increment in fat oxidation rate, diet-induced thermo-
genesis, and energy expenditure

Elevated post-prandial oleoylethanolamide level that
regulated food intake by influencing metabolic and
reward systems; therefore reducing energy intake

Decline in Proprotein convertase subtilisin/kexin type
9 levels (a novel circulating protein that reduces the
burden of atherosclerotic CVD by significantly con-
tributing in regulation of cholesterol metabolism)®

Kien et al. [60]

Krishnan and
Cooper [9]

Mennella et al.
[69]

Puetal. [72]

Via lowering LDL-proteoglycan binding

* The MUFA diet was supplemented with DHA

Additionally, dietary substitution of MUFA for SFA
has been shown to improve beta-cell function and reduce
insulin resistance in participants with normal fasting glu-
cose and normal glucose tolerance [63]. MUFA intake
improves insulin sensitivity, which might be increased
by 8.8 % with MUFA-rich diets [8, 9]. Results from nine
long-term (>6 months) randomized controlled interven-
tion trials showed that feeding diets high (>12 % of total
energy) in dietary MUFA, as compared to the low-MUFA
diets (<12 % of total energy), significantly reduced hemo-
globin Alc (HbAlc) by 0.21 % [64]. More recent paral-
lel randomized trials have demonstrated that consumption
of diets rich in canola oil for 3 months reduced HbAlc
by 0.47 % and improved the glycemic response in type 2
diabetic patients [65]. A meta-analysis of randomized con-
trolled trials indicated an improvement in the glycemic
control of patients with either type one or two diabetes in
response to high MUFA diet, as compared to a CHO-rich
diet [8]. While 6 months of Western (>15 % energy of SFA
and 35 % of energy as total fat) and low-fat (20-30 % of
energy) diets worsened glucose homeostasis biomark-
ers, high dietary MUFA (>20 % of energy and total fat:
35-45 % energy) induced 3.0 and 9.4 % reductions in fast-
ing glucose and insulin levels, respectively, and improved
insulin sensitivity by 12.1 % [66]. These results showed an
even more favorable effect of a MUFA-rich diet than the
previously recommended low fat diet (<30 % of energy;
according to Dietary guidelines for Americans, 2005),

where the low fat diet elevated fasting glucose by 1.4 %
and insulin levels by 13.1 %. High MUFA diets seem to
have favorable effects on glucose metabolism and may hold
the promise for glycemic control.

Existing scientific evidence exploring the effect of dif-
ferent types of long chain fatty acids on fat oxidation and
energy metabolism has been recently reviewed by Krishnan
and Cooper [9]. Considerable data show that the oxida-
tion rate of unsaturated fatty acids is higher than SFA, and
among the two, unsaturated and SFA, the highest oxidation
rate is from MUFA sources in the diet [9, 67]. An increas-
ing body of evidence indicates an increment in fat oxida-
tion rate, diet-induced thermogenesis, and energy expendi-
ture, specifically with higher dietary MUFA levels [9]. The
beneficial effects of different types of fatty acids on energy
metabolism, body composition, and weight maintenance
were demonstrated to be equally induced by unsaturated
fatty acids and mostly by MUFA (MUFA > PUFA > SFA)
[8, 9, 59]. Nimptsch et al. found an inverse association
between oleic acid intake and weight gain, while SFA,
ARA, as well as ALA intakes were linearly associated with
weight gain [68]. Furthermore, high-oleic MUFA diets
may promote weight loss in both diabetic and non-diabetic
obese patients [43].

A recent randomized intervention trial found that the
oleic acid content of a meal is associated with reduced
appetite and suppression of energy intake after subse-
quent meals in humans [69]. The high-oleic acid content
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of diet was found to elevate post-prandial oleoylethanola-
mide (OEA) levels. Oleoylethanolamide, a member of the
recently identified group of fatty acid ethanolamide group
of metabolic regulators, regulates food intake by influenc-
ing metabolic and reward systems. OEA controls appetite
sensation, and therefore, reduces energy intake. This find-
ing is novel in humans and might hold promise toward the
use of oils rich in oleic acid as new food ingredients for
controlling energy intake [69].

Novel modified vegetable oils are designed to contain the
balanced proportions of SFA, MUFA and n-6/n-3 PUFA;
they provide opportunities to prevent CVD events. The
knowledge gaps are how to evaluate the efficacy of those
vegetable oils with various combinations of n-9, n-6, and
n-3 fatty acids on common risk factors in human clinical tri-
als. The previous clinical intervention study conducted by
our group [6] has demonstrated that consumption of novel
high-oleic canola oil is cardioprotective through lipid-
lowering effects compared to a typical Western diet (high
in SFA). Thus, our research team recently completed the
Canola Oil Multicenter Intervention Trial (COMIT) where
the purpose was to examine specific beneficial effects of
consumption of different dietary oil varying unsaturated fat
contents on a comprehensive range of metabolic responses
that are important in the development of CVD. The COMIT
study was a randomized controlled crossover weight-main-
tenance full-feeding study focused on exploring metabolic
actions of unsaturated fatty acids. Full details of this study
have been published by Senanayake et al. [70]. The goal of
the study was to examine effects of different dietary oil/oil
blends on a comprehensive range of metabolic responses
that are important in the development of CVD. COMIT was
recently conducted across three centers in Canada and the
United States to investigate the cardiovascular effects of five
diets that provided different oils and/or oil blends in 130
participants with abdominal obesity. These five oils and oil
blends were selected to test the effect of major fatty acids;
MUFA, n-3 PUFA and n-6 PUFA at different levels. The
five treatments were: (1) a conventional canola, (2) high-
oleic canola oil, (3) high-oleic canola and 15 % DHA blend,
(4) 60 % flax oil and 40 % safflower oil blend, and (5) 25 %
corn oil and 75 % safflower oil blend. The importance of
this study is not only that it investigated various dietary fatty
acid blends in a crossover design, but also it comprehen-
sively evaluated the effects of these fatty acids on biomark-
ers of CVD, where it went beyond blood lipids and/or lipo-
proteins, which are theconventional biomarkers most used
by other studies [70-75].

One of the most important findings of the COMIT study
was that the DHA enriched high oleic canola oil treat-
ment produced a 19 % risk reduction at Framingham 10-y
coronary heart disease risk score the greatest risk reduc-
tion among the 5 regimens [71]. Significant reductions in
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plasma LDL-C and TC levels from baseline to endpoint
were detected following each diet, whereas the greatest
reductions in TAG (—20.7 %) and systolic blood pressure
(—3.3 %) were induced following the feeding of the diet
high in oleic-acid-rich canola/DHA. Furthermore, high-
oleic canola/DHA was the only diet that increased HDL-C
from baseline, but at the same time, the increase in LDL-C
level was the highest following this diet [71]. However,
the effect of increased LDL-C level following high-oleic
canola/DHA blend might have been counteracted by the
detected decline in proprotein convertase subtilisin/kexin
type 9 levels, a novel circulating protein that reduces the
burden of atherosclerotic CVD by significantly affecting
the regulation of cholesterol metabolism [72]. Addition-
ally, the COMIT data suggested that high-oleic canola oil
consumption may reduce atherosclerosis risk in humans
by lowering LDL-proteoglycan binding [73]. Among the
results of this study, oleic-acid-rich diets were found to
elevate cholesterol absorption biomarkers while n-3 PUFA,
namely DHA, resulted in higher circulating cholesterol lev-
els possibly due to its ability to accelerate cholesterol syn-
thesis [74]. The effects of COMIT diets on pro-inflamma-
tory biomarkers were also assessed. Results indicated that
the canola oil diet reduced high-sensitivity C-reactive pro-
tein concentrations, whereas feeding canola oil increased
plasma adiponectin concentrations and decreased the rela-
tive expression of levels of interleukin 1B after feeding
high-oleic canola/DHA diet [75]. The COMIT study also
demonstrated that a negative correlation exists between
plasma oleoylethanolamide levels and android fat mass
change in a subgroup of 27 subjects after canola-oil-rich
diets, indicating the potential benefits of high MUFA intake
on energy regulation [76].

In summary, the primary outcomes from the COMIT
study demonstrate that dietary oils low in SFA, high in
MUFA and PUFA can significantly lower predicted CVD
risks. Optimal balance among daily intake of MUFA, n-3
PUFA and n-6 PUFA can effectively improve the health
condition for individuals who are consuming a Western
diet daily in North America. These desirable changes on
pro-inflammatory biomarkers may consequently improve
glucose and lipid metabolism, ameliorate atherosclerotic
and inflammatory status, and further reduce cardiovascular
morbidity and mortality.

Conclusion

The latest evidence shows the favorable effects of MUFA-
rich diets, especially if supplemented with essential fatty
acids. Promoting health may be achieved by eliminat-
ing TFA from diet, restricting SFA and n-6 PUFA to less
than 7 % of energy and 10 % of energy, respectively, and



Lipids

obtaining an n-6/n-3 fatty acid ratio as close as possi-
ble to unity with adequate intakes of essential fatty acids.
Furthermore, considering the emerging science promising
favorable effects of MUFA, it might be the best choice to
substitute for other dietary fatty acids, especially with the
declaration of its safety for up to 20 % of total energy [8,
54]. The Mediterranean dietary pattern is an excellent
example of the association between adherence of high
MUFA intakes (up to 29 %) and the low prevalence of
chronic disease among those adopting this dietary para-
digm. Given the newly identified health advantages of
MUFA, such as regulating fat oxidation, energy metabo-
lism, appetite sensations, weight maintenance and cho-
lesterol metabolism, it might be beneficial to increase the
upper limit for intakes of MUFA even beyond 20 %.
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