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Abstract

The effects of saturated fatty acids (SFAs) on cardiovascular disease (CVD)
risk are modulated by the nutrients that replace them and their food matrices.
Replacement of SFAs with polyunsaturated fatty acids has been associated
with reduced CVD risk, although there is heterogeneity in both fatty acid
categories. In contrast, replacement of SFAs with carbohydrates, particularly
sugar, has been associated with no improvement or even a worsening of CVD
risk, at least in part through effects on atherogenic dyslipidemia, a cluster
of traits including small, dense low-density lipoprotein particles. The effects
of dietary SFAs on insulin sensitivity, inflammation, vascular function, and
thrombosis are less clear. There is growing evidence that SFAs in the context
of dairy foods, particularly fermented dairy products, have neutral or inverse
associations with CVD. Overall dietary patterns emphasizing vegetables,
fish, nuts, and whole versus processed grains form the basis of heart-healthy
eating and should supersede a focus on macronutrient composition.
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INTRODUCTION

Despite improvements in its prevention and management, cardiovascular disease (CVD) continues
to be the leading cause of morbidity and mortality in the United States, and reduction of low-
density lipoprotein cholesterol (LDL-C) by reducing dietary saturated fatty acids (SFAs) remains
a cornerstone of current recommendations for CVD prevention. However, recent studies have
called into question the presumed relationship between dietary SFAs per se and CVD (29, 114, 159,
163), in part due to the need to consider the nutrients that replace SFAs (161) as well as effects that
are dependent on the food source of SFAs (5). Whereas most epidemiological and clinical trial data
support the replacement of SFAs with polyunsaturated fatty acids (PUFAs), particularly omega-
3 (ω-3) fatty acids, for cardiovascular benefit, replacement of SFAs with dietary carbohydrates
(CHOs) has been associated with no improvement or even a worsening of CVD risk (78, 115). This
may be attributable at least in part to adverse effects on atherogenic dyslipidemia, a common trait
characterized by elevated triglyceride (TG), reduced HDL cholesterol (HDL-C), and increased
concentrations of small, dense LDL (sdLDL) particles (94, 95, 111, 113).

Atherogenic dyslipidemia is a central feature of metabolic syndrome and is particularly
prevalent in individuals with abdominal adiposity and insulin resistance, in whom levels of
cholesterol-depleted sdLDL can be increased disproportionately to total LDL-C. Notably,
large prospective cohort studies have demonstrated significant and independent associations of
sdLDL with increased CVD risk (72, 118, 126, 135, 172). The established effects of high CHO
intake on atherogenic dyslipidemia, and recent studies linking high sugar intake with deleterious
effects on cardiometabolic health and increased CVD and total mortality (169, 191), support
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the recommendation of the 2015 US Dietary Guidelines Advisory Committee (DGAC) to limit
added sugars to a maximum of 10% of total energy (40).

The 2015 DGAC also retained the upper limit for SFA intake of 10% of energy, in contrast
to the recently proposed limit of 5–6% of energy in the American Heart Association/American
College of Cardiology (AHA/ACC) Dietary Guidelines (45), in part reflecting concern that more
extreme SFA restriction may be accompanied by increased consumption of CHOs (75). The main
premises for limiting dietary SFAs are (a) the prediction of a progressive reduction in CVD risk
associated with greater reductions in LDL-C and (b) evidence for benefits on CVD risk of dietary
patterns that include low SFA intake, i.e., Dietary Approaches to Stop Hypertension (DASH)
and Mediterranean diets (3, 49). However, in the context of the current epidemics of obesity
and insulin resistance, reduction of SFAs may be less important for the reduction of CVD risk
in the population than limitation of dietary CHOs, in particular refined CHOs and sugar (27,
39, 53, 60, 80, 94, 100). Moreover, given evidence for variation in effects of different SFAs on
CVD risk biomarkers, particularly lipids and lipoproteins (113), as well as the overall effects of the
food matrices in which SFAs are consumed (36), blanket recommendations to reduce total SFAs
may not be appropriate. Finally, the multifactorial nature of dietary patterns such as the DASH
and Mediterranean diets preclude attribution of their cardiovascular benefits specifically to their
content of SFAs. For example, it is not known how modifications of the DASH and Mediterranean
diets that include higher SFAs might affect CVD risk.

We review here the evidence for effects of SFAs versus PUFAs versus CHOs on CVD risk
factors and clinical outcomes, and show that these effects can be influenced by food sources as well
as types of these macronutrients. Thus, although the study of individual dietary constituents has
greatly advanced understanding of nutritional influences on CVD, we conclude that greater em-
phasis should be placed on whole foods and overall dietary patterns for achieving and maintaining
cardiovascular health.

DIET AND CARDIOVASCULAR DISEASE RISK FACTORS

The effects of diet and macronutrient replacements on CVD risk are mediated by numerous physi-
ological factors, including lipids and lipoproteins, inflammation, insulin sensitivity, blood pressure
(BP), thrombosis, and vascular function. Although multifactorial algorithms have been developed
that provide good statistical reliability for CVD risk prediction on a population basis (62), the vari-
ation and interplay of pathophysiologic factors presents a challenge for accurate risk assessment
in individuals. Among modifiable CVD risk biomarkers, LDL-C and blood pressure have been
the most strongly validated (110), and despite the complexity of individual risk assessment, they
provide the major rationale for therapies aimed at reducing disease risk. As noted above, however,
and described further below, reliance on identifying dietary macronutrient effects on LDL-C may
obscure effects on LDL particles, especially sdLDL, that may have more direct and specific effects
on the development and progression of CVD (93).

LIPIDS AND LIPOPROTEINS

Macronutrient-Influenced Lipoprotein Metabolism Pathways
and Atherogenesis

SFAs can suppress LDL receptor activity, resulting in reduced LDL clearance, and may also
increase LDL production rate (18, 42). On the other hand, ω-6 PUFAs can increase LDL re-
ceptor activity and reduce LDL production rate (31, 154, 173). Dietary CHOs as well as excess
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Figure 1
Pathways of lipoprotein metabolism. Dietary carbohydrate increases hepatic TG that drives the secretion of
very-low-density lipoproteins (VLDLs) that are larger and triglyceride (TG) enriched. These particles are
rapidly lipolysed by lipoprotein lipase (LPL) to remnant lipoproteins that are then catabolized by hepatic
lipase (HL) to small, dense low-density lipoprotein (LDL) particles that are less efficiently cleared from
plasma, likely due to reduced LDL receptor affinity. Dietary saturated fat has been shown to preferentially
increase plasma concentrations of larger LDL particles, likely by reducing their plasma clearance through
suppression of LDL receptor activity, although increased hepatic secretion of their precursors may also play
a role. Abbreviation: CETP, cholesteryl ester transfer protein.

calories have been shown to increase hepatic TG stores, thereby driving the secretion of large TG-
enriched particles that undergo intravascular lipolysis and remodeling, ultimately giving rise to
sdLDL (18) (Figure 1). This pathway is juxtaposed to other pathways of lipoprotein assembly and
secretion that result in smaller very-low-density lipoprotein (VLDL) particles that are catabolized
to larger LDL particles. Relative to larger LDL particles, sdLDL particles are less easily cleared
from the circulation due to reduced receptor-mediated uptake and thus have a longer intravascular
residence time (18). Additional mechanisms by which sdLDL may have relatively greater athero-
genic potential than larger LDL include their higher affinity for binding to proteoglycans and
increased susceptibility to oxidation, resulting in greater arterial retention and capacity to trigger
inflammatory processes (Figure 2). Thus, dietary FAs and CHOs differentially affect lipoprotein
metabolism pathways, resulting in plasma levels of LDL particles that vary in size, density, and
atherogenic potential.

Replacement of Saturated Fatty Acids with Carbohydrates

On average, dietary SFAs increase LDL-C concentrations by ∼13 mg/dl when they replace 10%
of energy as dietary CHOs (111). Specific SFAs have been shown to exert differing effects, such
that in general there are progressive increases in LDL-C with diminishing chain length. Thus,
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Figure 2
Low-density lipoprotein (LDL) particles and atherogenesis. In the initial steps of atherogenesis, LDL particles circulating in the blood
infiltrate the endothelial layer of arteries and are bound by proteoglycans and become oxidized. This triggers inflammatory processes
and foam cell formation by responding macrophages. These lipid-laden foam cells form the core of the atherosclerotic plaque and can
amplify local inflammation and promote thrombosis. Apolipoprotein CIII (apoCIII), an exchangeable apoprotein whose concentrations
vary on apoB-containing particles, has been shown to play a direct role in some of these processes. Small, dense LDL is considered
more atherogenic due to its longer plasma residence time, higher apoCIII content, greater arterial retention, and increased
susceptibility to oxidation, triggering inflammatory and thrombotic processes. Abbreviation: oxLDL, oxidized LDL.

the potency of the LDL-raising effects of individual SFAs are as follows: lauric acid (C12:0) >

myristic acid (C14:0) > palmitic acid (C16:0). Lauric acid relative to other SFAs increases HDL-
C significantly and thereby reduces the total cholesterol (TC):HDL-C ratio (113). In contrast,
stearic acid (C18:0) generally has a neutral effect on lipid and lipoprotein profiles when replacing
CHO (113).

SdLDLs have been shown to be reduced with lower CHO intake, and this effect was found
to be independent of high versus low dietary SFAs (15% versus ∼8% of energy) when CHO
intake was limited to 26% of energy (94). Further, the prevalence of LDL subclass pattern B, a
categorical marker for atherogenic dyslipidemia defined by the predominance of sdLDL, has been
linearly and positively associated with increasing concentrations of dietary CHOs in randomized
controlled clinical trials (RCTs) (94) (Figure 3) due to effects of CHO that can occur in as few as
three days (65). In contrast to CHOs, the main effect of dietary SFAs appears to be on larger LDL
particles that are less strongly associated with CVD, as noted above; thus, SFA-induced increases
in LDL-C may not signify an increase in CVD risk commensurate with that predicted from the
relationship of LDL-C to CVD risk in the population (93).
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Figure 3
Dietary carbohydrate (CHO) and low-density lipoprotein (LDL) pattern B. Variation in dietary CHO is
correlated with the prevalence of pattern B (R = 0.89; p < 0.0001) in metabolic feeding studies (92, 94, 105)
(n = 833 men). Each data point is the summation of the response of at least 40 individuals to a dietary
regimen that controlled for CHO and lasted three to six weeks. Abbreviation: E, energy.

Notably, the protein apolipoprotein CIII (apoCIII) represents a potential biomarker of the
metabolic pathway leading to the production of sdLDL that likely contributes to the CVD risk
of this pathway (93). ApoCIII has been found consistently to be associated with the risk of CVD
likely because of combined effects of increased VLDL secretion (192), impaired VLDL and TG-
rich lipoprotein remnant catabolism (57) related in part to its abundance relative to apoE (146),
and proinflammatory activity (87). Further, apoCIII in apoB-containing particles is increased with
high-CHO diets, with particular enrichment in very small LDL particles (Figure 2) (59, 156).
Earlier kinetic studies showing increased apoCIII pool size, but no change in fractional catabolic
rate, in men fed a high-CHO (68% of energy) compared to a low-CHO (39% of energy) diet
(77) suggest that increased hepatic apoCIII production may be intimately related to the metabolic
processes by which dietary CHO induces atherogenic dyslipidemia.

Of note, fasting plasma concentrations of SFAs are influenced by endogenous and exogenous
pathways, and dietary CHOs appear to be more important determinants of plasma SFAs than di-
etary SFAs (55, 56, 71). A recent hypocaloric feeding study in 16 patients with metabolic syndrome
showed no effects of increased dietary SFAs on plasma SFAs in the context of a very-low-CHO
diet (177). In contrast, progressive decreases in dietary SFAs with concomitant stepwise increases
in dietary CHOs were associated with incremental increases in palmitoleic acid in plasma TG and
cholesteryl esters (177). Both increased plasma SFAs and palmitoleic acid, a desaturation product
of SFAs formed during de novo lipogenesis, have been associated with adverse cardiometabolic
profiles (177). These findings underscore the significant contribution of dietary CHOs to plasma
biomarkers of CVD risk.

Carbohydrate quality. The effects of CHO quality on lipid and lipoprotein profiles have been
extensively investigated. A meta-analysis of RCTs showed a positive relationship between dietary
sugars and plasma TG, TC, and LDL-C, independent of effects on body weight (169). An analy-
sis of National Health and Nutrition Examination Survey (NHANES) data also showed positive
and inverse associations of added sugars with TG and HDL-C, respectively (183). The adverse
effects of high sugar intake may be attributable in part to their fructose component, which has
been shown to promote dyslipidemia, decrease insulin sensitivity, and increase visceral adiposity
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(167, 168). Of note, the effects of fructose appear to be most reproducible at high levels of con-
sumption (>100 g/day) and in overweight or obese individuals (180), and may result in part from
increased total energy consumption (157).

The quality of dietary CHOs has also been expressed in terms of their ability to raise blood
glucose, in comparison to white bread or glucose, a characteristic referred to as the glycemic index
(GI), or glycemic load (GL), which is the product of GI and CHO content. However, in the
recently completed OmniCarb study, the largest clinical trial (n = 163) conducted to date to test
effects of high- versus low-GI diets in the context of moderate- and low-CHO diets, increases in
TG and decreases in HDL-C concentrations were attributed to higher total CHO rather than
higher GI (148). GL was positively associated with plasma TG (P = 0.008) and inversely associated
with HDL-C (P = 0.004) in 878 postmenopausal participants in the Women’s Health Initiative
Observational Study (155), in overall agreement with an earlier meta-analysis of 32 RCTs that
showed a 10% reduction in plasma TG for a 30 to 100 g eq./day reduction in GL (102). Taken
together, the above observations are consistent with the notion that the CHO content of the
diet, as reflected by the GL as well as sugar content, contributes to a greater extent to features of
atherogenic dyslipidemia than does the GI.

A limited number of human trials have compared the lipid responses to rapidly digested versus
resistant starches, with inconsistent findings. When contributing 19–24% of daily energy, diets
high in amylose, a resistant starch, modestly reduced plasma TG and LDL-C (13, 14), but such
effects were not observed when amylose contributed ≤10% of daily energy (69, 82, 130), suggesting
that improvements occur only at high intake levels. How starch quality affects more detailed lipid
and lipoprotein parameters of atherogenic dyslipidemia remains to be established.

Replacement of Saturated Fatty Acids with Other Fats or Protein

Replacement of SFAs with monounsaturated fatty acids (MUFAs) or ω-6 PUFAs decreases total,
LDL, and HDL-C (111) and decreases the TC:HDL ratio (113). In the DELTA study, replacing
7% kcal from SFAs with MUFAs versus CHOs led to similar reductions in LDL-C, a lesser
reduction in HDL-C, and lack of increase in TG (17). Similarly, greater reductions in TC and TG
concentrations and thus improvements in lipid profiles were observed with MUFAs versus CHOs
as a substitution for SFAs at 10% of total energy in the OmniHeart study (3). Of note, replacement
of SFAs by MUFAs in experimental animal models has been shown to increase the cholesteryl
oleate content of secreted LDL, a property associated with increased atherogenicity (37). With
regard to effects of dietary protein, OmniHeart showed an even greater improvement in lipid
profiles with protein versus MUFA replacement of CHOs (3) as well as significant reductions in
atherogenic apoCIII-containing LDL and VLDL (59). Although these results suggest that protein
may lower TG levels independent of the effect of reducing carbohydrate content, several feeding
studies have not shown effects of dietary protein on lipid and lipoprotein profiles (27, 94).

Improvements in serum lipids and lipoproteins, including changes in the TC:HDL-C ratio, are
slightly greater with PUFA relative to MUFA replacement of SFAs (111, 113). Of note, the effects
of SFAs on lipids and lipoproteins may be modulated by PUFA availability, such that LDL-C is
only increased by SFAs if PUFA intake is below ∼5% of energy (68, 186). In a metabolic study,
no effects of SFAs (22% versus 10% total energy) derived from coconut oil were observed on
LDL-C, TC, or apoB when the polyunsaturated fat:saturated fat (P:S) ratio was kept constant at
∼0.15 (125). In contrast, higher P:S ratios, i.e., 1.9 versus 0.14, in the context of diets with 38% of
energy from fat, were associated with significantly lower ratios of LDL to HDL (125). These data
suggest that the proportions of fatty acids may be more important in modulating CVD risk than
the absolute amount of SFAs and PUFAs per se (125). The ω-3 fatty acids, eicosapentaenoic acid
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(EPA) and docosahexaenoic acid (DHA), have been shown to be effective in reducing plasma TG
concentrations (11). This effect may be mediated in part by reducing hepatic TG synthesis and
secretion of VLDL particles and by increasing TG catabolism through up-regulation of relevant
enzymes such as lipoprotein lipase (11).

Replacement of SFAs with trans fatty acids (TFAs) increases LDL-C, decreases HDL-C, and
increases the ratio of TC to HDL-C (113), effects that may be more pronounced in women
than in men (26). On the other hand, the replacement of TFAs from partially hydrogenated
vegetable oils with SFAs, MUFAs, or PUFAs has been associated with decreased TG, Lp(a), and
ratios of TC to HDL-C and apoB to apoAI (122). On the basis of effects on lipoprotein profiles
and C-reactive protein (CRP), reductions in coronary heart disease (CHD) risk were estimated
at −2.7%, −11.9%, and −16.6%, respectively, when 20%, 35%, and 45% TFAs from partially
hydrogenated vegetable oils were replaced with SFAs from butter (122), although changes in CRP
cannot be inferred to yield CVD benefit. It has been suggested that ruminant sources of TFAs,
in particular, conjugated linoleic acid (CLA), may exert different biological effects compared to
industrial sources of TFAs. However, a summary review of intervention trials addressing this
showed that TFAs from industrial hydrogenation (n = 29 studies), ruminant sources (n = 6
studies), and CLA (n = 17 studies) all increased the LDL:HDL ratio to a similar extent (22).

Postprandial Lipemia

The postprandial accumulation of lipoproteins and their remnants is increasingly recognized as
contributing to CVD risk, an association that may be more robust in women than in men (reviewed
in 21). The atherogenicity of these particles may be due in part to their high cholesterol ester
content and the ability of small remnant particles to penetrate the arterial intima (reviewed in 16).
The postprandial response to a fat-containing meal can be modulated both by the composition
of the habitual diet consumed chronically and by the nutritional content of the challenge meal
consumed acutely (16, 97). Replacing 7% kcal from SFAs with CHOs in the background diet
resulted in a modest increase in fasting TG but had no effect on postprandial TGs (17), consistent
with a shorter-term study using more extreme variations in fat and CHO intake in the background
diets (34). In contrast, consuming fructose versus glucose over 10 weeks increased postprandial
TGs by increasing hepatic TG synthesis and de novo lipogenesis (168). Furthermore, the addition
of fructose versus glucose to a challenge meal high in SFAs resulted in a higher and delayed TG
peak in Sf (flotation rate) >400 lipoproteins, and a slower return of TG to fasting levels in Sf 20-400
lipoproteins (28). In a recent study in which monosaccharides were fed alone or in combination
with a high-SFA meal, the simultaneous intake of fructose and fat versus fat alone resulted in
greater incremental areas under the 0- to 6-hour curve for plasma TG, apoB48, and remnant
lipoprotein-TG and cholesterol, as well as significantly higher rises and delayed postprandial
peaks in all the aforementioned analytes (149).

In a study designed to test the effect of dietary fat saturation on the magnitude and duration of
the postprandial response (15), background diets and challenge meals high in SFAs or ω-6 PUFAs
resulted in similar postprandial responses of TG and apoB48, a marker of intestinal triglyceride-
rich lipoproteins. In contrast, consuming a background diet high in SFAs, but not ω-6 PUFAs,
resulted in the prolonged postprandial accumulation of triglyceride-rich lipoprotein-apoC, -apoE,
and -apoB100, a marker of liver-derived triglyceride-rich lipoprotein, consistent with the down-
regulation of receptor-mediated uptake of VLDL remnants with high-SFA diets (16). A study of
the acute effects of fatty acid chain length showed enhanced and prolonged TG responses with in-
creasing chain length, and a ∼30% greater area under the curve for TG with a challenge meal high
in stearic acid (C18:0) compared to palmitic acid (C16:0) or lauric + myristic acid (C14:0 + C12:0)
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test meals (86). In an acute study of the effect of TG structure on postprandial lipid responses
(150), increasing the proportion of palmitic acid at the sn2 position of dietary TG was associated
with a blunted increase in plasma TG up to 3 hours after the meal, which translated into ∼30%
lower incremental area under the curve for TG after test meals high in lard or interesterified palm
olein (70.5% and 39.1% C16:0 at sn2, respectively) compared to test meals high in either palm
olein or high-oleic sunflower oil (9.2% and 0.6% C16:0 at sn2, respectively). However, reported
beneficial effects of SFAs at the sn2 position of dietary TGs may alternatively be explained by an
increase in C18:2 PUFA at the same site (90), in line with studies from epidemiology and clinical
trials that point to beneficial effects of PUFAs per se.

Differential Effects of Food Sources of SFAs

The major food sources of SFAs are dairy products and red meat, as well as tropical oils, such as
palm and coconut oil. Recent evidence suggests that SFA effects on lipids and lipoproteins are mod-
ulated by the food source within which they are consumed (5). Observational studies based on self-
reported intake suggest that consumption of dairy products is associated with improvements in car-
diometabolic factors that may impact CVD risk (reviewed in 4). Studies utilizing plasma biomarkers
of dairy intake have confirmed these associations (4, 54). Dairy products have various compo-
nents that are candidates for improving cardiometabolic health, including conjugated linoleic acid
(CLA), vitamin D (a result of fortification), calcium, magnesium, potassium, and whey protein.
Relative to butter and/or nondairy-derived SFAs, several studies have shown that full-fat cheese
results in lower TC, LDL-C, and/or LDL-C:HDL-C even after consideration of differences in
SFA content (20, 70, 128, 170). In a small study comparing semiskim (1.5% fat) milk and full-fat
cheese consumption in diets with comparable macronutrient and dairy calcium content, both diets
reduced TC and LDL-C but not HDL-C compared to a low-calcium control diet with similar
SFAs, consistent with evidence that dairy calcium may be a factor affecting blood lipids (103).

With regard to meat intake, a meta-analysis of RCTs showed no effect on TC, LDL-C, TG,
and HDL-C of replacing beef with poultry or fish (104). Of note, most of the studies included
in this meta-analysis evaluated lean meats in the context of lower-SFA diets. In contrast, when
consumed in diets with increased SFAs derived from dairy products (15% versus 8% of energy),
very high intake of lean beef resulted in significant increases in LDL and apoB, primarily due to
increases in small and medium LDL particles (105). These results contrast with those of studies in
which protein was derived from mixed sources (94), suggesting a possible atherogenic interaction
between beef and SFAs. Of note, high meat intake has also been shown to influence the intestinal
microbiome, resulting in the production of carnitine-derived metabolites that have been associated
with CVD risk independent of the SFA content of the diet (91).

Palm oil is obtained from palm fruits and contains ∼50% palmitic acid, 40% oleic acid, and 10%
linoleic acid. Palm oil has become a popular substitute for partially hydrogenated vegetable oils
due to its semisolid nature and stability compared to other vegetable oils. A recent meta-analysis
(51) showed that compared to diets rich in stearic acid, MUFAs, or PUFAs, palm oil raised TC,
LDL-C, and HDL-C as well as apoB and apoAI. When compared to diets with high content of
myristic and/or lauric acid, palm oil was associated with lower TC, HDL-C, and apoAI and no
significant differences in TG, TC:HDL-C, and VLDL-C.

Coconut oil contains >90% SFAs primarily in the form of lauric acid (C12:0), which is the
most potent LDL-C- and HDL-C-raising SFA. Isoenergetic replacement of CHO for lauric acid
is predicted to reduce the TC:HDL-C ratio but also to raise apoB compared to other SFAs (113).
In one RCT, compared to an energy equivalent of butter, coconut oil resulted in lower TC and
LDL-C, but both the butter and coconut oil diets raised TC and LDL-C compared to safflower oil
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(32). In a community-based intervention study from the same investigators, coconut oil reduced
LDL-C and apoB compared to butter-based diets (33). These limited data raise the possibility
that coconut oil may not increase LDL-C as much as predicted by its high content of lauric acid.

Modulation of Lipid Responses to Diet by Weight Loss and Other Factors

The effects on CVD risk factors of diets varying in macronutrient composition are significantly
modulated by concomitant weight loss. Weight loss improves all features of cardiometabolic
syndrome, including the major lipid and lipoprotein indicators of CVD risk, i.e., total and small,
dense LDL; TG; apoB; and TC:HDL-C ratio (94, 162). Importantly, improvements in lipid
and lipoprotein profiles observed with weight loss have been shown to be more significant in the
context of high- versus low-CHO diets (54% versus 26% of energy) (94), suggesting a convergence
of the effects of reducing adiposity and CHO intake on common pathways that affect atherogenic
dyslipidemia.

Weight loss diets restricted in CHO and high in SFAs and protein have raised concerns, in
part due to unfavorable effects on LDL-C (increase or no reduction) relative to lower-fat, higher-
carbohydrate diets (131). However, such diets have also been associated with greater reductions in
TG and increases or maintenance of HDL-C, with overall unclear consequences for CVD risk. Of
note, in contrast to low-CHO diets that are usually animal based, a plant-based low-carbohydrate
diet (26% of energy) was associated with greater reductions in LDL-C and the TC:HDL and
apoB:apoAI ratios compared with a high-CHO, low-fat weight loss diet (83).

Very low-CHO diets, i.e., less than 50 g/day, have been shown to be at least as effective as
(131), and at times more effective (12, 23, 61) than, high-CHO, low-fat diets for weight reduction
for up to two years of follow-up. The greater weight loss achieved on very low-CHO diets may
in part be related to the increased satiety provided by fat and/or protein (185), with a decrease in
total calories consumed (184), and/or a lesser reduction in resting and total energy expenditure
(44). Major caveats of very low-CHO diets are related to their sustainability over the long term
and their unknown effects on CVD events.

A meta-analysis of short-term dietary trials (12.1 ± 9.3 weeks) found that in the context of
lower fat intake (<30% of energy), higher-protein diets (∼30% of energy) were moderately more
advantageous for cardiometabolic health than lower-protein (∼18% of energy) diets, with greater
reductions in body weight, fat mass, and TG and mitigation of reductions in fat-free mass and
resting energy expenditure (189). However, over the longer term, i.e., at least one year, the effect
of higher protein on cardiometabolic health has been reported to be neutral (152) or relatively
small (30). In the DIOGENES (Diet, Obesity, and Genes) randomized dietary intervention study
(n = 1,209) conducted over 26 weeks and notable for its achievement of good adherence based
on objective biomarkers, diets higher in protein (∼22% versus ∼17% E) and lower in glycemic
index were associated with improved weight loss and maintenance in the context of ∼30% E from
fat (98).

Several significant studies have provided evidence that adherence to dietary regimens is more
important than dietary macronutrient composition in determining weight loss. In the POUNDS
LOST study, which randomly assigned 811 individuals to one of four diets varying in fat, pro-
tein, or CHO composition, clinically significant weight loss, i.e., 7% of initial body weight, was
achieved irrespective of the macronutrient composition of the diet (147), with satiety, hunger,
and satisfaction similar across all diet groups. Similarly, a meta-analysis of 48 RCTs showed that
any low-CHO or low-fat diet was more effective for weight loss than no prescribed diet (8 kg at
6 months and ∼6 to 7 kg at 12 months), with behavior counseling as a significant modulator of diet
effectiveness (85). These studies point to compliance to diets as the key factor in successful weight
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loss and weight loss maintenance regimens, thereby providing individuals with multiple options
for successful weight management. It should be noted, however, as exemplified in the POUNDS
LOST study (6), that weight loss trials aimed at testing effects of differences in macronutrient
composition on weight loss efficacy generally have failed to achieve the intended differences over
the course of time, and hence it is difficult to draw conclusions as to the effects that might be
observed with more substantial variation in macronutrient composition.

Responsiveness to diet can be further modulated by baseline metabolic phenotypes, including
LDL-C, such that reductions in dietary SFAs result in greater reductions in LDL-C in persons with
higher initial LDL-C concentrations (38). In contrast, weaker effects of dietary SFAs on LDL-C
have been observed with obesity (27) and insulin resistance (100), and in women versus men (182).
Genetic effects on dietary responsiveness have also been reported, although the variance explained
by genetics is relatively small. The genes encoding the apoE4 isoform have been found to be most
consistently predictive of a greater LDL-C response to diet (43, 160), whereas associations of
intakes of PUFAs with lipids have been reported to vary with polymorphisms in apoAI, PPAR-α,
apoA5, and 5 lipoxygenase (134).

SATURATED FATTY ACID EFFECTS ON OTHER BIOMARKERS
OF CARDIOVASCULAR DISEASE RISK

Inflammation

In vitro and animal studies have demonstrated that SFAs can induce cellular inflammation and
accelerate atherosclerosis through toll-like receptor activation (24), and both ω-3 PUFAs (25)
and oleic acid (67) have been shown to counter this effect. However, there is limited information
regarding the effects of dietary fatty acids on inflammatory processes in humans. The inflammatory
markers interleukin (IL)-6 and E-selectin, but not CRP, were found to be lower after a diet high
in oleic acid compared to diets in which 8% of energy as oleic acid was exchanged for comparable
quantities of either stearic acid or a combination of lauric, myristic, and palmitic acids (9). However
in another study, after five weeks of consumption of diets containing 20% energy as palmitic acid–
rich palm olein, lauric and myristic acid–rich coconut oil, or oleic acid–rich olive oil, there were
no differences in plasma levels of tumor necrosis factor (TNF)-α, IL-1β, IL-6, IL-8, CRP, or
interferon-γ (178). Similarly, in the context of a very low-CHO diet (12% E), diets with high
SFAs or PUFAs were not associated with changes in inflammatory markers (55). Of interest, low-
versus high-GI diets resulted in reduced CRP in the context of weight maintenance after acute
weight loss (63).

There is a transient postprandial inflammatory response to all meals, which may contribute
to the development of atherosclerosis over time. Meals high in SFAs have been shown to elicit a
modest but significantly greater postprandial inflammatory response as measured by circulating
markers of inflammation in comparison to ω-6 PUFA–rich meals (109), MUFA-rich meals (141),
or CHO-rich meals (127). A high-SFA meal has been shown to reduce the ability of HDL to
inhibit expression of intercellular adhesion molecule-1 and vascular cell adhesion molecule-1
6 hours postmeal, while HDL collected after a high-PUFA meal inhibited expression to a greater
extent than in fasting plasma (129). Others have shown no differences in circulating inflammatory
markers following meals with a high versus low P:S ratio in lean men (136), or between meals with
either cream, olive oil, or canola oil in lean and obese women (106). Moreover, after four weeks of
a SFA-rich Western diet, a MUFA-rich Mediterranean diet, or higher-CHO diet supplemented
with ω-3 fatty acid, no differences were detected for plasma TNF-α or IL-6 after a breakfast
with fat composition similar to each experimental diet (84). However, compared to the ω-3
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acid–rich diet, the high-SFA diet induced a greater increase in mRNA of TNF-α and IL-6 in
peripheral blood mononuclear cells (84). The inconsistent results may be due to differences in
study population or meal composition.

In contrast, the replacement of TFAs with SFAs, MUFAs, or PUFAs has been consistently
associated with reductions in inflammatory markers such as CRP (122). Thus, the evidence linking
SFAs to increased inflammatory responses is limited compared to the evidence for adverse effects
of TFAs.

Blood Pressure and Vascular Function

A dietary intervention study in healthy subjects showed decreases in systolic and diastolic blood
pressure with diets high in MUFAs, whereas diets high in SFAs resulted in no changes in BP
(140). Supplementation with ω-3 fatty acids did not lower BP in this study (140), although a more
recent meta-analysis provides evidence that EPA + DHA supplementation effectively lowers BP,
particularly in untreated hypertensives (117). Effective BP-lowering dietary patterns include the
DASH and Mediterranean diets, which both emphasize multiple dietary modifications together
with limitation of SFA intake, thereby precluding attribution of beneficial effects specifically to
the SFA component of these diets (2, 142).

There is inconsistent evidence for effects of SFAs on vascular function as assessed by flow-
mediated dilation (88, 139, 151). A summary of epidemiological, intervention, and meal test studies
concluded that low-fat diets may be beneficial relative to diets high in SFAs or when MUFAs
replace SFAs (174). This is in contrast to an earlier review evaluating effects of replacing SFAs
with MUFAs, PUFAs, TFAs, or CHOs, which reported no improvements in endothelial function
or arterial stiffness in seven of nine randomized controlled trials for any of the aforementioned
macronutrient replacement scenarios (115).

Insulin Sensitivity

Despite human observational studies reporting positive associations between SFA intake and
hyperinsulinemia, independent of body fat, the results from prospective cohort studies have been
mixed and have not shown an independent relationship of SFAs with incident type 2 diabetes
mellitus (T2DM) (115). Replacing SFAs with MUFAs in generally healthy subjects did not affect
(27, 81, 171) or had modest effects (175) on insulin sensitivity or glucose metabolism. Similarly,
no differences in insulin sensitivity were found when replacing SFAs with CHOs or ω-3 fatty
acids (81, 171). In the EPIC-Interact case cohort study, plasma concentrations of odd-chain
SFAs (C15:0 and C17:0), which reflect consumption of dairy fats, were inversely associated
with T2DM (54), in line with epidemiological data showing a similar relationship, in particular,
with low-fat fermented dairy products (132, 164). In contrast, even-chain SFAs (C14:0, C16:0,
C18:0), which are influenced by both endogenous metabolism and dietary CHO, were positively
associated with T2DM (54). Finally, there have been reports of associations of transpalmitoleic
acid, C16:1n7, as a biomarker of dairy fat intake, with improved cardiometabolic profiles and
decreased risk of T2DM (121). These studies suggest heterogeneous effects of specific SFAs on
T2DM risk but provide growing evidence for protective effects of dairy intake, as reflected by
plasma concentrations of specific SFAs.

DIET AND CARDIOVASCULAR DISEASE EVENTS

RCTs can, in principle, provide the strongest evidence for dietary effects on CVD outcomes.
However, it is important to note that RCTs aimed at establishing relationships between nutrients
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and CVD risk are modulated by context, i.e., the replacement nutrient and/or food source (161),
and are also limited by the challenges of long-term dietary adherence.

Associations of specific dietary components with CVD events have been primarily evaluated
in epidemiological studies, of which prospective cohort studies provide the strongest design. Al-
though such studies offer the statistical power to adjust for covariates and thereby enable evaluation
of the effects of specific nutrients, there are caveats, including the inability to define cause-effect
relationships given known and unknown confounding variables, the reliance on dietary assessment
tools with limited accuracy, the assumption that diets remain the same over the long term, and/or
selective reporting by study participants (161).

Replacement of SFAs with CHOs

Dietary SFAs were originally linked to increased CVD risk in the Seven Countries Study (89),
an association subsequently supported by some epidemiological studies but not others (reviewed
in 160). Several recent meta-analyses have not demonstrated an association of dietary SFAs with
CHD (29, 114, 159, 163), likely because lower intakes of SFAs were accompanied by compen-
satory increases in CHOs (75). Of note, although inverse associations of dietary SFAs with stroke
incidence have been reported, particularly in Japanese populations where SFA intake is lower
and stroke prevalence is higher (160, 190), a 2010 summary analysis of studies showed no overall
significant association of SFAs with stroke (159).

In support of the concept of lack of cardiovascular benefit when SFAs are replaced by CHOs, an
analysis that pooled epidemiological data from 344,596 persons from 11 American and European
cohorts showed a worsening or no benefit for CVD risk when CHOs replaced SFAs (HR for
coronary events: 1.07; 95% CI: 1.01, 1.14; HR for coronary death: 0.96; 95% CI: 0.82, 1.13) (79).
In a separate analysis by Mozaffarian et al. (124), estimated effects on CVD risk of replacing SFAs
with CHOs based on changes in the TC:HDL-C ratio were neutral (RR: 1.01; 95% CI: 0.98,
1.04).

The Women’s Health Initiative, a RCT conducted in nearly 50,000 postmenopausal women,
showed no difference in CVD risk (RR: 0.98; 95% CI: 0.88, 1.09) in the intervention versus
control group with diets that were reduced in SFAs, higher in CHOs, and lower in PUFAs (74).
Of note, the Women’s Health Initiative was not originally designed to evaluate CVD outcomes
and reduced LDL-C only modestly (2.7 mg/dl), making interpretation of its results unclear.

Epidemiological studies evaluating CHO quality have demonstrated associations of high sugar
intake with CVD. In the Nurses’ Health Study (n = 88,520 women; n = 3,105 incident CHD
cases), a significant increase in incident CHD was observed across categories of sugar-sweetened
beverage consumption even after accounting for other unhealthful dietary and lifestyle factors
(p for trend <0.001; RR = 1.35; 95% CI: 1.07, 1.69 for women consuming two or more servings
per day) (58). An analysis of NHANES data recently showed that intake of added sugars between
10% and 24.9% of total calories was associated with a 30% increased risk for CVD mortality
relative to consumption of <10% of total calories from sugar (191). For persons consuming
>25% of energy from sugar, the RR of mortality was 2.75 (95% CI: 1.40, 5.42).

A prospective cohort study in 53,633 men and women (1,943 incident cases) found that the
substitution of SFAs with low- and moderate-GI CHOs was not associated with risk of myocardial
infarction, whereas the substitution of SFAs by high-GI CHOs was associated with an increased
risk (HR per 5% increment of energy from CHO: 1.33; 95% CI: 1.08, 1.64) (78). A subsequent
meta-analysis of eight prospective studies (n = 220,050 participants; 4,826 incident cases) (41) that
did not include the aforementioned study (78) showed GI and GL to be significantly associated
with CHD in women but not in men (41). In line with data from RCTs evaluating effects of
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GI versus GL on lipids (102), GL was more strongly associated with CVD events than was GI
[RR = 1.69 (1.32, 2.16) versus 1.26 (1.12, 1.43)] in women (41). It is possible that the preferential
associations in women are related to the known greater CVD risk conferred by higher TG (7)
or diabetes (144) in women versus men, but additional research in this area is necessary. Also of
interest is an apparently more pronounced association of both high-GI and high-GL diets with
CVD in overweight and obese patients (41), concordant with similarly more adverse associations
of GL with dyslipidemia in this population (102). These data contrast with the reduced response
to dietary SFA in obese individuals (27) and support the concept that in the context of the current
epidemics of obesity and insulin resistance, dietary CHOs, particularly refined and processed
CHOs, may exert more deleterious effects on CVD than SFAs.

Replacement of SFAs with Other Fats

RCTs. Early clinical trials, including the Finnish Mental Hospital Study, the Los Angeles County
Veterans Study, and the Oslo Diet-Heart Study, showed reduced CVD events with diets that
replaced SFAs with PUFAs (reviewed in 160). Of note, in these trials the SFA content of the
control diet was at least 9%, and the PUFA content of the diets was relatively high (>11% E).
Therefore, it is possible that the CVD benefit may have been due to specific effects of PUFAs
versus adverse effects of SFAs. Alternatively, improvements in CVD could have been related to the
ratio of PUFAs to SFAs, which has been reported to be more significantly associated with CVD
than SFAs alone, such that improvements in CVD were observed with a P:S ratio greater than
0.49 (76). Calculated P:S ratios from early intervention trials showing benefit of reduced SFAs on
CVD were in the range of 1.25 to 2.4 (159).

A meta-analysis of RCTs by Mozaffarian et al. (124) estimated a 10% reduction in CVD risk
for every 5% SFAs replaced with PUFAs, which corresponds to the reduction in CVD risk that
would be predicted by the expected changes in lipids (111). Similarly, Hooper and colleagues’ (73)
2012 updated meta-analysis of RCTs evaluating reductions or modifications of dietary fats showed
a reduction in cardiovascular events by 14%, with subgroup analyses suggesting these effects to
be specific to studies of fat modification (versus reduction), of at least two years’ duration, and
in men, but not women. The cardiovascular benefit of PUFA replacement of SFAs was recently
challenged in two meta-analyses of RCTs that included different component studies and showed
either no benefit (29) or a trend toward increased CVD risk (138). However, the validity of
inclusion of reevaluated and potentially confounded data from the Sydney Diet Heart Study in
these more recent analyses (29, 138) has been questioned, given that the PUFA supplementation
arm included margarine with high trans fat (101, 187). Exclusion of the Sydney Diet Heart Study
in the meta-analysis by Chowdhury et al. (29) yielded an RR estimate of 0.81 (0.68–0.98) based
on seven clinical trials, thus supporting a cardiovascular benefit of replacing SFAs with PUFAs.
However, Ramsden et al. (138) have raised a significant caveat to the Finnish Mental Hospital
and Oslo Diet-Heart studies (included among the seven aforementioned trials), namely, that they
allowed for the continued consumption of trans fats in the form of margarines in the control arms
of the studies, thus confounding comparisons with the high-PUFA diets.

Prospective cohort studies. A systematic review and meta-analysis of 13 published and un-
published prospective cohort studies (n = 310,602 individuals and 12,479 total CHD events)
indicated that substitution of 5% SFAs with the ω-6 PUFA linoleic acid was associated with a 9%
lower risk of CHD events (RR = 0.91; 95% CI: 0.87, 0.96) and a 13% lower risk of CHD deaths
(RR = 0.87; 95% CI: 0.82, 0.94) (50). The lack of benefit associated with increased ω-6 PUFA
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intake reported by Chowdhury et al. (29) was likely due to the inability to include relevant data
sets that were included in the Jakobsen et al. pooling study (79) and Farvid et al. meta-analysis
(50). These findings are particularly important in light of concerns that have been raised regard-
ing possible proatherogenic effects of ω-6 PUFAs, i.e., through their promotion of inflammation
(158), competition with ω-3 PUFAs (137), and possible role in cancer risk and progression (8).
Although there is some evidence suggesting that conversion of linoleic acid to arachidonic acid
induces a proinflammatory eicosanoid response (158), dietary intake of linoleic acid has not been
closely associated with circulating or tissue concentrations of arachidonic acid at levels currently
consumed (52). Furthermore, increased circulating concentrations of arachidonic acid have been
associated with no changes in (188) or improved CVD risk in prospective cohort studies and RCTs
(29). It has been suggested that high PUFA consumption may also drive the oxidation of LDL,
which contributes to the process of atherosclerosis (96). Although clinical trial data in humans
supporting adverse effects of dietary PUFA-induced oxidation products on CVD endpoints are
lacking, studies in nonhuman primates have demonstrated beneficial effects on LDL cholesteryl
oleate content and the extent of atherosclerosis in primates consuming ω-6 PUFA compared to
the SFA- or MUFA-fed groups (37).

It has also been suggested that the benefits of PUFA interventions are specific to those that
increased both ω-3 PUFAs as well as ω-6 PUFAs rather than ω-6 PUFAs only (137). Indeed,
there is consistent epidemiological evidence for the association of dietary total long-chain ω-3
PUFAs, derived primarily from fatty fish, with reduced CVD risk (29, 119, 179). Most recently,
the meta-analysis by Chowdhury et al. (29) estimated a reduced CVD risk of 0.87 (0.78–0.97)
based on 16 prospective cohort studies with 422,786 participants and 9,089 events. Circulating
concentrations of long-chain ω-3 fatty acids, including EPA and DHA, were also associated with
reduced CVD [RR = 0.75 (0.62–0.89)] based on 13 studies with 20,809 participants and 4,073
events (29). The increased consumption of these ω-3 PUFAs can be relatively accurately assessed
via blood biomarkers since they cannot be produced endogenously (10, 48). In contrast, ω-3
fatty acid supplementation has not been found to reduce CVD risk in recent trials (143). The
lack of benefit may have been related to the populations evaluated, which were at high risk for
or had existing CVD, were being treated with statins, and/or consumed high amounts of ω-3
fatty acids in their typical diets. Overall, these data suggest that there is cardiovascular benefit
of high fish consumption as manifest by plasma biomarkers, and leave open the possibility that
supplementation with EPA and/or DHA might have benefit in the primary versus secondary
prevention of CVD (107).

In contrast to replacement of SFAs with PUFAs, replacement of SFAs with TFAs has been
associated with increased risk of CVD (123). Data from prospective cohort studies indicates that
each 2% energy replacement of TFAs with SFAs was associated with a 17% (95% CI: 7%–25%)
reduction in CHD (122).

Food Sources of SFAs

Various food sources of SFAs may differentially affect CVD risk (5). In the MESA (Multi-Ethnic
Study of Atherosclerosis) study, intake of dairy products as a source of SFAs was inversely associated
with CVD whereas intake of red meats was associated with increased CVD after adjustment
for demographics, lifestyle, and dietary confounders [n = 5,209 with 316 cases; HR for +5
grams SFA per day: 0.79 (95% CI: 0.68, 0.92) and 1.26 (95% CI: 1.02, 1.54) for dairy and meat,
respectively] (36). These data are in line with several earlier meta-analyses of cohort studies
that showed neutral or inverse associations of milk or dairy intake with CVD (46, 47, 165). In
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a prospective case control study, proportions of milk fat biomarkers, i.e., C15:0 and C17:0, in
plasma phospholipids were higher in controls than in cases and were inversely associated with risk
of myocardial infarction in women (181). A slightly increased total and ischemic heart disease–
specific mortality with increased butter and dairy fat consumption has been reported specifically
in women (64), suggesting differential responses to diet in women versus men. Notably, a modest
inverse association of fermented full-fat dairy products with total mortality has also been observed
(64), in line with beneficial effects of fermented dairy products on cardiometabolic risk factors (4).

The increased CVD risk observed with red meat intake as a source of SFA may be a function
of other components of red meat, such as heme iron (36). Replacement of red meat with other
major dietary protein sources, i.e., dairy, poultry, fish, or nuts, was associated with a 13% to
30% reduction in CHD risk in the Nurses’ Health Study (19). A meta-analysis that included
17 prospective cohort and 3 case control studies indicated that adverse effects on CVD were
specific to processed versus unprocessed meats (116). Thus, some aspect of the processing of meat
versus the meat itself—e.g., preservation with sodium, nitrites, and phosphates, or cooking or
frying methods—may promote CVD. A more recent meta-analysis of meats in relation to CVD
and total mortality showed processed meat to be associated with both total and CVD mortality,
whereas red meat consumption was associated only with CVD mortality (1). However, the risk
estimates used were not adjusted for dietary patterns, and there was adjustment for food groups
in only a subset of the studies (1). Thus, it is possible that the observed associations were due to
residual confounding related to dietary and lifestyle patterns. Of note, a meta-analysis of eight
prospective cohort studies conducted in Asia, where dietary intake of fish and seafood is higher and
intake of red meat and poultry is lower compared to Western countries, showed no associations
of total meat intake with cause-specific mortalities and an inverse association of red meat with
CVD in Asian men (99). Meat intake in Asia may not be high enough to confer CVD risk, or
alternatively, meat consumption may contribute less substantially to CVD risk in Asians than do
other factors, such as socioeconomic status, physical activity, and adiposity.

Dietary Patterns

Evidence for cardioprotective dietary effects from epidemiological studies and randomized clinical
trials is strongest for a Mediterranean diet pattern (35, 114, 153, 166). Although various definitions
exist, Mediterranean diets are generally characterized by high intakes of fruits, nuts, vegetables,
whole-grain cereals, and olive oil; with moderate consumption of fish, poultry, and wine; and low
intake of dairy, red meats, and sweets. The PREDIMED (PREvención con DIeta MEDiterránea)
study (n = 7,447) was a parallel group, multicenter primary prevention trial of high-risk individuals
initially free of CVD (49). Two arms of the three-arm study were assigned to a Mediterranean
diet with either extra virgin olive oil or nut supplementation. Relative to the low-fat control arm,
both the olive oil supplementation and nut groups had a significantly decreased risk of coronary
events, an effect driven by a significantly reduced incidence of stroke [RR: 0.61 (0.44–0.86)] (49).
Of note, a recent prospective cohort study in Finland showed increased CVD risk when SFAs
were replaced with MUFAs, suggesting that this macronutrient replacement scenario may not
be the cardioprotective component of the Mediterranean diet (176), in line with previous data
conducted in African green monkeys that showed no benefit of replacing SFAs with MUFAs on
coronary artery atherosclerosis (145).

Evidence for heart-healthy benefits of the DASH dietary pattern—which emphasizes fruits,
vegetables, and low-fat dairy products; includes whole grains, poultry, fish, and nuts; and is lower
in red meat, sweets, and sugar-sweetened beverages—stems from clinical trials demonstrating
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the effectiveness of the diet on reducing blood pressure (3), with observational data suggesting
associations with lower risk of CVD (52). These data are in line with other observational data
showing improved CVD morbidity and mortality with vegetarian versus meat-eating patterns in
both Western and Asian populations (120, 133). In the Nurses’ Health Study, lower-carbohydrate
diets with vegetable versus animal sources of protein showed protection from ischemic heart disease
in those consuming high vegetable sources of protein (66). Notably, whereas a higher GL was
strongly associated with CVD in this cohort, consumption of protein and fat from animal sources
in the context of lower-carbohydrate diets was not associated with a worsening of CVD risk (66).
Neutral associations with CVD risk of more Westernized diets rich in red and processed meat,
refined grains, alcohol, and whole-dairy products were also recently observed in an a posteriori
analysis of the PREDIMED study (108).

In summary, most epidemiological studies evaluating food sources of SFAs suggest neutral or
beneficial effects of dairy foods on CVD, whereas intake of meat, and particularly processed meats,
has been associated with neutral or increased risk of CVD, associations that may be independent
of the SFA content of the foods. On the other hand, vegetarian dietary patterns have generally
been associated with reduced CVD risk. It has been suggested that this is related to higher intake
of PUFAs, fiber, and micronutrients as well as reduced GL (75), although other unknown or
unmeasured lifestyle and dietary variables may be responsible. Both epidemiological and clinical
trial data support the cardiovascular benefits of dietary patterns such as the Mediterranean and
DASH diets that include vegetables, fruits, nuts, fish, and poultry and minimize sweets and red
meats; however, the role of SFAs in such multifactorial diet patterns is unclear.

CONCLUSIONS

Replacing SFAs with PUFAs has been associated with cardiovascular benefit in the majority of
metabolic, epidemiological, and clinical trial data, but study design caveats including residual con-
founding in epidemiological studies and changes in multiple dietary variables in RCTs should
be considered when weighing the evidence for specific nutrient effects. Epidemiological studies
support a beneficial association of ω-3 fatty acids with CVD; however, clinical trial studies to
date have not consistently confirmed this. In contrast, the replacement of SFAs with TFAs has
been associated with adverse CVD risk factors and outcomes, whereas the replacement of SFAs
with CHOs has not been associated with benefit and may be associated with increased CVD risk.
These effects are likely multifactorial, including effects on atherogenic lipoproteins, particularly
remnants and sdLDL particles. A particular concern with regard to the growing population of
individuals with excess adiposity and insulin resistance is that they may be particularly sensitive to
the adverse lipoprotein effects of refined and processed CHOs while being concomitantly resistant
to LDL-C-reducing effects of reduced SFAs. The effects of various SFA replacement scenarios on
CVD risk factors other than lipids and lipoproteins are ambiguous, with the strongest evidence
for proinflammatory effects derived from cellular and animal studies. Importantly, accumulating
evidence indicates that food sources of SFAs can vary in their associations with CVD risk inde-
pendent of their SFA content. This is likely due to components within foods other than SFAs that
may singly or synergistically affect the development and progression of CVD. Therefore, the SFA
content of foods is not necessarily a useful criterion on which to base food choices. Overall dietary
patterns that emphasize vegetables, fish, nuts, and whole versus processed grains are the mainstays
of heart-healthy eating. Whether SFAs need to be reduced in the context of such dietary patterns
is not established.
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SUMMARY POINTS

1. Restriction of SFAs has been advised based on their LDL-cholesterol-raising ability and
the established relationship between LDL cholesterol and CVD, but recent analyses
suggest a lack of association between dietary SFAs per se with CVD.

2. The effects of SFAs on CVD risk factors and CVD clinical endpoints are intrinsically
modulated by the nutrients that replace them, such that replacement by PUFAs has been
associated with CVD benefit, whereas replacement with CHOs has been associated with
no improvement or a worsening in CVD risk.

3. Dietary carbohydrates and SFAs affect different components of lipoprotein metabolic
pathways, with differential production of LDL particles of varying size and quality, and
associations with CVD risk.

4. The cardiometabolic effects of SFAs are modulated by the foods in which they are con-
sumed, due in part to the predominance of different SFAs in various foods and likely
also to the presence of other bioactive components. SFA effects can also be influenced
by traits such as adiposity, gender, insulin resistance, and baseline lipid profiles.

5. Overall dietary patterns are more relevant to cardiovascular health than individual nu-
trients, and the focus of dietary guidance should be food based, with consideration for
individual preferences and lifestyles.

FUTURE ISSUES

1. It has not been determined whether there is an interaction between increased SFAs and
carbohydrates on CVD risk.

2. Subsets of the population may be particularly susceptible to effects of dietary macronu-
trients on lipid profiles. Identifying and tailoring diet and lifestyle programs to these
individuals may improve overall cardiometabolic health.

3. Identification of improved biomarkers of pathophysiological processes affecting CVD
could help guide individualized dietary approaches for reducing CVD risk.
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