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Role of Dietary Nutrition, 
Vitamins, Nutrients, 
and Supplements 
in Cardiovascular Health

Ryan Moran, Marsha-Gail Davis, 
and Anastasia Maletz

Regular supplement use has increased in the last 
several decades in USA, with now almost 50% 
of Americans reporting regular use. The primary 
reason or motivator for use of dietary supple-
ments is to improve, supplement, or maintain 
health [1]. However, despite this, there remains 
uncertainty and misunderstanding regarding 
many of these supplements and their role in car-
diovascular protection, namely because of the 
intense heterogeneity, availability, and dose vari-
ations of supplements. Because of the prevalence 
and interest in use, there has been a great interest 
in better understanding how micro- and macro-
nutrients mitigate disease and potentiate health. 
Some of the most widely used supplements 

include multivitamins (MVI)—which include 
both varied and single vitamin formulations— 
mineral and elemental formulated supplements, 
and macronutrient compounds which have physi-
ologic roles in pathways related to metabolism 
and homeostasis.

 Multivitamin and B Vitamins

MVI and water-soluble vitamin supplementa-
tion has been a subject of interest for decades 
for cardiovascular disease (CVD) treatment or 
prevention, owing in part to the role of inflam-
mation in the development of heart disease. 
Epidemiological studies have noted inverse 
relationships between diets high in vegetables, 
fruits, and whole grains and incident heart dis-
ease, and augmenting diets with substrates of 
these diets have been reasoned to have a role 
in atherogenesis [2]. However, single- pill MVI 
supplements have been a challenge to study, 
as well as to interpret across studies, owing to 
notable heterogeneity in inclusion constituents, 
doses, inclusion criteria, and endpoints. Despite 
this, pervasive evidence has not found that sup-
plementation of combined MVI provides benefit 
for either primary or secondary cardiovascular 
prevention [3, 4]. In one large Euopean study, 
over 6000 healthy individuals were randomized 
to a combination of 120 mg ascorbic acid, 30 mg 
of Vitamin E, 6 mg of β-carotene, 100 μg of sele-
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nium, and 20 mg of zinc for a median 7.89 years 
and found no cardiovascular benefit of supple-
mentation [5]; more recently, a double-blinded 
study in USA evaluated that a combined MVI 
containing 32 different compounds in older men 
found a trend toward less myocardial infarction 
in those with established CVD at baseline, but 
no difference in the study’s primary or second-
ary endpoints, and no difference in outcomes for 
primary prevention [6].

From a cardiovascular standpoint, three of nine 
B vitamins have a role in homocysteine metabo-
lism (pyroxidine (B6), cyanocobalamin (B12), and 
folate (B9)), and given the proposed role of homo-
cysteine in progression of atherogenesis, there has 
been considerable interest in evaluating supple-
mentation in higher risk individuals to prevent dis-
ease progression [4]. Empirical support includes 
evidence that supplementing these three vitamins 
can decrease surrogate markers of risk, such as 
serum homocysteine concentrations [7], and that B 
supplementation may be associated with decreas-
ing carotid intima media thickness progression 
[8]. However, interventional trials have generally 
failed to find support for routine supplementation 
in average or high-risk individuals for cardiovas-
cular benefit. While one large study supplement-
ing folate in middle aged Chinese hypertensive 
individuals did show decreased composite cardio-
vascular events [9], this has not been consistently 
found in other studies [10].

Vitamin B1 (thiamine) serves a variety of 
physiologic roles including as an essential cofac-
tor in lipid metabolism as thiamin diphosphate, 
and deficiencies have been noted more com-
monly in patients with heart failure. Supporting 
this association, some evidence has found sup-
plementation may have a role in left ventricular 
function [11, 12], although the clinical meaning 
is still unclear as data on functional improvement 
are lacking and the absolute difference—while 
significant—was relatively small.

Vitamin B5 (pantothenic acid) is metabolized 
into pantethine which has direct and indirect 
influences on lipid metabolism via inhibition 
of acetyl-coenzyme (CoA) carboxylase and 
3-hydroxy-3-methyl-glutaryl-CoA reductase. 
Supplementation in high doses has been found to 

favorably alter both triglyceride and low-density 
lipoprotein (LDL) levels modestly in low and 
moderate risk individuals [13]. Long-term and 
outcome data, however, are lacking, though it is 
generally well tolerated and carries minimal risk.

Vitamin B3 (niacin, including nicotinamide 
and nicotinic acid) is metabolized to nicotinamide 
adenine dinucleotide (NAD) which is an impor-
tant cofactor in enzymatic processes including 
in generation of adenosine triphosphate (ATP), 
a major cellular energy source. Supplementation 
of nicotinic acid in high-dose augments lipid pro-
files favorably, including increasing HDL and 
lowering LDL and triglycerides [14]. Outcome 
data, however, have been mixed: one random-
ized long-term (6.2 years) study using 3000 mg 
daily found fewer non-fatal MI compared with 
placebo, but increased rates of pulmonary throm-
boembolic events and arrhythmia events [15]. 
In addition, the study adherence was lower and 
dropout rate higher in the niacin arm (compared 
with placebo or fibrate) owing to the side effects 
of niacin including flushing, gastrointestinal side 
effects, and cardiovascular symptoms (includ-
ing palpitations, headaches, increased heart rate, 
and low blood pressure). Interestingly, long-term 
(mean 15 years) follow- up to this noted decreased 
overall mortality rates in those in the niacin arm 
compared with placebo, though the mechanisms 
are not entirely clear but possibly related to the 
lipid profile benefits [16]. Several studies have 
found little evidence to support added benefit 
in addition to statin therapy, however, but have 
found increased side-effect profiles (especially 
at pharmacologic doses) and concerns for possi-
bly increased all-cause mortality [17–19]. Thus, 
niacin is generally not recommended either for 
therapeutic benefit in secondary prevention, nor 
for primary prevention except in specific circum-
stances such as intolerance to safer options.

 Vitamin C

Vitamin C (l-ascorbic acid) is an essential diet 
component with a wide range of physiologic 
activities including in the synthesis of collagen 
and some hormones, as well as an established 

R. Moran et al.
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antioxidant and pro-oxidant. In addition, it has a 
role in monocyte vascular adhesion and is thought 
to have a role in atherogenesis. Deficiencies are 
rare but are associated with blood vessel fragility 
and the clinical manifestation of scurvy. Higher 
intake of vitamin C has been noted to potenti-
ate the antioxidant role of this compound, and 
epidemiological support exists for an inverse 
association with intake and incident heart dis-
ease [20–23]. Prospective studies however have 
found mixed results: in post-menopausal women, 
supplementation—but not dietary intake—was 
associated with decreased incident CVD [24], 
but high-dose supplementation in men without 
heart disease failed to find this and instead found 
a trend toward higher cardiovascular mortality 
[25]. A large pooled meta-analysis of prospective 
studies found high diet intake—but not supple-
ment intake—inversely associated with CVD 
incidence [20]. Randomized trials have consis-
tently found little evidence that supplementation 
of vitamin C is effective for either primary or 
secondary prevention of adverse cardiac events 
[26–28]. Therefore, a varied diet of fruits and 
vegetables, including those containing high 
amounts of vitamin C, are recommended rather 
than supplementation for heart health, as little 
evidence supports supplementation use to pre-
vent heart disease [29].

 Vitamin A

Vitamin A (retinol, retinal, and retinyl esters) 
is composed of a group of related hydrophobic 
compounds which have numerous physiologic 
roles and is consumed either as a provitamin A 
carotenoid compound or complete vitamin A 
compound which is then hydrolyzed in the intes-
tinal lumen to be absorbed [30]. Once ingested, 
provitamin A or its active homolog is incor-
porated in the formation of bile acid micelles 
is solubilized and eventually is absorbed into 
enterocytes with dose- and concentration- 
independent mechanism, contributing to a poten-
tial for toxicity. Provitamin A (most commonly 
α-carotene, β-carotene, and β-cryptoxanthin) can 
be converted to retinol and enter the metabolic 

pathway to becoming bioactive vitamin A.  It is 
then esterified, incorporated into chylomicrons, 
secreted via lymphatic drainage, and eventually 
enter the bloodstream for storage (mainly in the 
liver) or for cellular distribution [31]. Retinoic 
acid, the major bioactive form of vitamin A, acts 
in a paracrine or autocrine hormone, impact-
ing cellular regulation, growth, and function. 
Although unusual, deficiencies are usually asso-
ciated with vision deficiencies (e.g., night blind-
ness), and immune and integumentary issues 
[30]. However, epidemiologic support has asso-
ciated higher intake of carotenoid-rich diets with 
lower CVD risk and low measured serum carot-
enoids with increased risk of subsequent isch-
emic event risk [32]. Despite these associations, 
several clinical trials have thus far failed to pro-
vide conclusive evidence that supplementation of 
vitamin A or provitamin A decreases CVD risk or 
decreases the risk in those with established heart 
disease [33]; in contrast, some trials [33–35] have 
raised concern for a possibly increased risk.

Disagreement between epidemiological asso-
ciations and clinical trial findings has not been 
entirely elucidated. The diversity of dietary 
carotenoids and confounding of a diet rich in 
carotenoids—rather than carotenoids them-
selves—have been proposed [36, 37]. Given con-
cerns of potential harms (including lung cancer in 
smokers or those with asbestos exposure, beyond 
the scope of this review) in supplementation, rou-
tine recommendation for vitamin A or provitamin 
A is not generally recommended for primary or 
secondary prevention of CVD [38].

 Vitamin D

Vitamin D is predominantly obtained by syn-
thetic processes in the skin by ultraviolet B 
(UVB) from sunlight, and secondarily from 
food sources. Once activated from 25(OH)D to 
1,25-dihydroxyvitamin D (mostly in the kid-
neys), the hormone calcitriol plays important 
homeostatic functions in calcium regulation and 
acts on numerous different tissues throughout the 
body including the heart and vascular system, 
where vitamin D receptors are present [39, 40]. 

1 Role of Dietary Nutrition, Vitamins, Nutrients, and Supplements in Cardiovascular Health
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Physiologically, calcitriol has been shown to stop 
vascular smooth muscle cells from proliferating 
and have been theorized to contribute to calcium 
deposition and arterial calcification. Further, low 
calcitriol serum concentrations cause a homeo-
statically regulated increase in parathyroid hor-
mone, which has been implicated in increasing 
both vascular and myocardial calcification. 
Finally, low calcitriol has been shown to upregu-
late pro-inflammatory cytokines (IL-6, TNF-a) 
and downregulate IL-10, and renin–angiotensin–
aldosterone system activation, further supporting 
its role in heart disease risk. Epidemiological 
support includes noted associations between 
country latitude and cardiovascular death rates, 
seasonality trends and increased incidence of 
risk in the winter, and decreased rates in higher 
altitudes of residence, all suggesting the protec-
tive role of UVB activation of vitamin D. Serum 
levels of 25(OH)D have been noted inversely 
associated with cardiovascular mortality [40, 41]. 
Additionally, the British Regional Heart Study 
noted higher risk of ischemic heart disease in 
men living in more northern locations over time, 
suggesting more than simple corollary evidence. 
In this study, while blood levels of vitamin D 
were not assessed, and smoking rates were noted 
higher in these locations as well, there was not 
an association between blood pressure and smok-
ing rates, though blood pressure was noted higher 
in  locations further north [42], perhaps explain-
ing some of the author’s findings as vitamin D 
deficiency has been associated with increased 
risk of hypertension [43]. While studies have 
supported vitamin D supplementation with low-
ering C-reactive protein, evidence that supple-
mentation has a role in lowering blood pressure 
has been mixed, especially in healthy individuals 
[44–46].

Intervention studies regarding CVD and vita-
min D supplementation have been limited but 
generally have not found positive results with 
supplementation. The Woman’s Health Initiative 
followed post-menopausal women (mean of 
7 years) and found no clear association between 
calcium and vitamin D compared with pla-
cebo on cardiovascular outcomes, although this 

was a secondary endpoint [47]. In addition, the 
amount supplemented was generally considered 
low (400  IU daily in two divided doses, with 
calcium). The ViDA study in New Zealand, in 
contrast, randomized over 5000 individuals to 
high-dose monthly (100,000 IU or more) vitamin 
D and found after over 3  years that compared 
with placebo, there was no effect on cardiovas-
cular outcomes, including in the subgroup analy-
sis of individuals with known CVD [48]. Finally, 
more recently, the VITAL study randomized over 
20,000 individuals to 2000 IU daily (see Omega-3 
section) and found after a median follow-up of 
over 5  years, there was similarly no benefit of 
supplementation on CVD in low-risk individu-
als [49]. In both the ViDA and VITAL studies, 
subgroup analysis similarly failed to show ben-
efit in individuals with vitamin D deficiency at 
randomization.

There still remains incredible interest given 
the physiological mechanisms and epidemiologi-
cal findings, and many trials including higher risk 
individuals are ongoing. However, currently there 
is insufficient evidence to recommend vitamin D 
for primary or secondary prevention of CVD.

 Vitamin E

Vitamin E (tocopherols and tocotrienols) is com-
posed of eight isomeric molecules, functions as 
an important antioxidant, protecting free radical 
damage to lipid-rich cellular environments such 
as those found in membranes and lipoproteins, 
and helps to stabilize membrane structures. Once 
consumed, vitamin E is transported predomi-
nantly by LDL and stored in fat-rich cellular 
structures throughout the body including the 
kidney, liver, brain, and heart [50]. Deficiencies 
of vitamin E are rare and are generally associ-
ated with neurologic compromise [31]; however, 
their role as a potent antioxidant has been theo-
rized to be important in cardiovascular protection 
and chronic disease progression, specifically by 
preventing oxidative stress and progression of 
atherosclerosis [51, 52]. Further, vitamin E has 
a role in decreasing platelet aggregation, throm-

R. Moran et al.
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bosis formation, and monocyte activation [31, 
53]. Support for these claims comes from epide-
miological studies associating a higher reported 
intake of vitamin E and lower risk of atheroscle-
rotic heart disease [54, 55]. Because of these 
associations, in the last 20 years, there has been 
a tremendous interest in evaluating the effect of 
vitamin E supplementation for both primary and 
secondary prevention of heart disease.

While primary prevention studies have had 
varied methods, generally they have failed to 
show conclusive evidence that regular sup-
plementation decreases incident myocardial 
infarction or major adverse cardiac events. For 
example, while nonsignificant trends have been 
noted to favor vitamin E supplementation in both 
the Alpha-Tocopherol Beta-Carotene Cancer 
Prevention Study and the Woman’s Health Study 
[56], these trends were not supported by the 
Physicians Health Study (PHI) evaluating healthy 
men. Further, there was a statistically significant 
increase in risk of intracranial bleed in men in the 
PHI who received vitamin E [26].

In individuals with established CVD, vita-
min E has been supported by some, but not all 
clinical trials. An early study in evaluating 52 
patients after percutaneous transluminal angio-
plasty found a nonstatistically significant trend 
toward less restenosis [57], and the CHAOS trial 
in 1996 found less composite cardiovascular 
death and nonfatal MI, though this was driven 
by decreased nonfatal MI, and there was a trend 
toward increased total mortality in the interven-
tion arm. In contrast, the HOPE trial (4  years) 
and HOPE extension trial (median total 7-year 
follow-up) found no benefit of vitamin E supple-
mentation on major adverse cardiac events, and 
the extension trial noted an increase in heart fail-
ure incidence [58, 59].

Therefore, it remains uncertain if vitamin E 
supplementation provides cardiovascular ben-
efit in low- or high-risk individuals, and existing 
evidence refutes supporting routine recommen-
dation for use in individuals. There has been 
recent suggestion of vitamin E having a role in 
improving clinical indices noted in non-alcoholic 
steatohepatitis, thought driven at least in part by 

the anti-inflammatory properties of this vitamin 
[60–62]. However, given some heterogeneity of 
results in clinical trials, and because of appre-
hension of safety data balancing benefits and 
harms (including possibly increased risk of pros-
tate cancer among those taking vitamin E [63]), 
supplementation recommendations clinically are 
generally made on a case-by-case basis. This is 
similarly reflected in the USPSTF review and 
guidance recommendation for vitamin E supple-
mentation in 2014 [38].

 Vitamin K

Vitamin K (in plants, phylloquinone (K1); mena-
quinone (K2), and menadione (K3) ultimately 
derived from K1) is an essential substrate for 
physiologic enzymatic processes including con-
verting glutamyl residues to γ-carboxyglutamyl 
(Gla) residues. This action is important in bone 
homeostasis, the blood coagulation cascade, 
as well as in activating matrix Gla proteins, or 
MGP. MGP is synthesized in smooth muscle cells, 
and early investigations in animal studies have 
found it is an important inhibitor of calcification 
including in the coronary arteries [64]. Vitamin K 
has also been recognized as having anti-inflam-
matory actions and suppresses NF-κB, possibly 
contributing to its role in preventing vascular cal-
cification. While vitamin K deficiencies are rare, 
in certain high-risk populations (such as those 
with kidney disease), and in those taking vitamin 
K antagonist medications, there is epidemio-
logical association with markers of low vitamin 
K levels and increased cardiovascular mortality 
and/or vascular calcification [65]. Cohort studies 
have found circulating phylloquinone levels to 
not be associated with coronary artery calcifica-
tion (CAC) progression after over 2 years [66]; 
in contrast, phylloquinone supplementation in 
healthy middle aged and older adults was found, 
after 3 years to decrease progression in CAC in a 
subgroup analysis of those adherent to treatment, 
but not stop new CAC formation [67]. K2 has 
been also subject of research interest, as it has a 
longer half-life, is considered more potent, and is 
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the major storage form of vitamin K in humans 
[68]. K2 intake has been shown to decrease arte-
rial stiffness [69], and while cohort studies have 
found that higher dietary consumption has been 
associated with lower cardiovascular mortality 
and aortic calcifications [70, 71], a large meta-
analysis only found trends in lower risk of heart 
disease and serum markers of vitamin K intake 
[72]. More recently, a meta-analysis of US-based 
studies similarly failed to find differences in car-
diovascular outcomes [73].

Several investigational studies are ongoing; 
there are no current randomized controlled tri-
als (RCTs) evaluating vitamin K intake showing 
benefit for supplementation and cardiovascular 
outcomes. As noted above, several markers of 
cardiovascular health have shown promise (such 
as CAC), and thus, these studies will likely pro-
vide valuable insight; however, currently there is 
uncertain benefit of supplementation.

 Elemental Mineral Nutrient 
Supplements

Elemental minerals are essential, meaning they 
must be obtained from dietary sources as they are 
not able to be synthesized by the body, and oper-
ate as cofactors in multiple crucial physiological 
processes. Many minerals exhibit a U-shaped 
curve as it pertains to their relationship with dis-
ease, which mirror the homeostatic tendency of 
the body to require a specific range for optimal 
function. Adequate dietary intake appears to be 
linked inversely with CVD while use of supple-
ments especially when internal levels are adequate 
may increase risk of CVD events and mortality. 
With this information, the best approach that can 
be recommended is to gain adequate nutrient 
intake from dietary sources and supplements if a 
deficiency is present. Supplementation outside of 
the need to optimize diet can promote inappropri-
ate use and the perpetuation of poor nutrition as 
well as potentially increasing the risk of adverse 
health outcomes. Perturbations of these tightly 
regulated systems due to dietary inadequacy have 
widespread consequences, with dysregulation of 
mineral homeostasis seeming to be one of the 

underlying physiological abnormalities contrib-
uting to the development of CVD.

 Zinc

Zinc is an essential mineral that supports nor-
mal growth and development via several cellu-
lar processes including protein synthesis, DNA 
synthesis, cellular division, and cellular metabo-
lism [74]. It also serves as a catalyst and more 
specifically a cofactor in hundreds of enzymatic 
reactions and plays a role in immune function, 
skin integrity, and wound healing as well as the 
olfactory system with proper taste and smell. 
Supplemental forms of zinc include zinc acetate, 
zinc gluconate, and zinc sulfate with the percent-
age of elemental zinc varying by form. Research 
is not yet sufficient to provide clarity on the 
absorption, bioavailability, and tolerance of these 
forms [75].

Zinc is absorbed by transcellular processes 
where the highest transport velocity rate occurs in 
the jejunum of the small intestines. Zinc absorp-
tion appears to occur with a level of saturability 
and dynamic efficiency where transport veloc-
ity increases as zinc availability decreases. Zinc 
concentrations in the blood are tightly regulated 
where levels can remain fairly stable at both low 
and high levels of zinc functional stores. Of note, 
the body requires daily zinc intake as there are no 
specialized zinc storage systems in the body as 
observed with other minerals like calcium.

Oxidative stress and inflammation are under-
stood to be key underlying mechanisms in the 
pathophysiology of CVD, particularly athero-
sclerosis [76]. Studies have shown an inverse 
relationship between zinc deficiency and cellular 
oxidative stress [77, 78], where zinc deficiency 
increases the production of reactive oxidative 
species [76]. Zinc also serves to regulate key 
modulators, such as NF-κB, in inflammatory 
response pathways, where zinc deficiency has 
been shown to increase the activation of NF-κB 
and affect the production of cytokines [79]. 
Though the exact function of zinc ions in normal 
cardiac physiology remains unknown, zinc status 
changes, particularly zinc deficiency, have been 
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reportedly linked to various CVDs [76], includ-
ing hypertension [80], myocardial infarction [81], 
atrial fibrillation, and congestive heart failure as 
well as metabolic syndrome [82]. Studies have 
implicated zinc deficiency in the development 
of atherosclerosis and subsequent complications 
of heart disease including MI and stroke [76]. 
Evidence from epidemiologic studies suggests 
that the progression of atherosclerosis is modi-
fied by many nutritional factors including zinc. 
However, this relationship has not been confirmed 
in randomized clinical trials assessing the role of 
zinc in primary prevention. Some studies have 
also shown association between higher intake 
of zinc  and CVD [83], which may be attributed 
to high meat consumption in Westernized diets. 
Many RCTs have typically used combination 
supplements that include zinc but do not provide 
zinc supplementation solely. Current evidence is 
not sufficient to support the use of supplementa-
tion in primary prevention [84].

 Magnesium

Following calcium, sodium, and potassium, mag-
nesium is the fourth most common mineral in 
the human body [85]. Magnesium is an essential 
nutrient and is abundant and naturally occurring 
in many foods. It is crucial to vital processes 
occurring in the body such as those involved 
with muscle and nerve function, apoptosis [86], 
regulation of blood glucose levels, blood pres-
sure [87], and bone formation as well as DNA 
and protein synthesis [88]. Magnesium, like 
many other minerals, serves as a cofactor in hun-
dreds of enzymatic reactions, especially those 
involved with cellular metabolism (i.e., oxidative 
phosphorylation and glycolysis [87]). In supple-
mental forms, magnesium is available as magne-
sium aspartate, magnesium chloride, magnesium 
citrate, magnesium lactate, and magnesium 
oxide. Some studies suggest that magnesium is 
better absorbed and bioavailable in the aspartate, 
chloride, citrate, and lactate forms compared to 
oxide and sulfate forms. It has also been found 

that zinc consumed at abnormally high doses 
(142 mg/day) may decrease magnesium absorp-
tion [89]. Vitamin D has been linked to improved 
magnesium absorption [74].

Once consumed, magnesium is efficiently 
absorbed mainly in the jejunum and ileum [90] 
and in smaller amounts in the colon [91]. Similar 
to zinc and calcium, magnesium absorption is 
inversely related to the magnesium availability in 
the diet, where the less magnesium is consumed, 
the more is absorbed. Magnesium absorption is 
facilitated via both unsaturable passive transport 
and unsaturable active transport mechanisms. As 
it relates to the heart, magnesium contributes to 
normal cardiovascular function by playing a role 
in the transport of calcium and potassium across 
cell membranes and thus crucial to the mainte-
nance of normal sinus rhythm [92].

In cardiac physiology, magnesium plays a key 
role in modulation neuronal excitation, intracar-
diac conduction, and myocardial contraction [93] 
and helps to maintain electrical, metabolic, and 
vascular homeostasis [94]. Magnesium depletion 
has significant effects on cardiovascular func-
tion [95] as well as neuromuscular function and 
has been associated with CVD [94] risk factors 
including hypertension [95], diabetes, dyslipid-
emia, atherosclerosis, and metabolic syndrome 
[96] and ultimately even CVD [97]. This cor-
relation between hypomagnesemia and CVD 
is also observed in CKD patients where CVD 
mortality is higher [98]. Evidence from a vari-
ety of studies including epidemiological stud-
ies, RCTs, and meta-analyses have suggested an 
inverse relationship between magnesium intake 
and CVD. Higher dietary magnesium intake was 
associated with both lower CV risk factors and 
CVD-related mortality [99]. Magnesium supple-
mentation has been associated with favorable 
effects on CVD risk factors, including improve-
ment in arterial stiffness, endothelial function 
[99], overall blood pressure [100], insulin resis-
tance [101], and metabolic syndrome, but more 
studies are needed to elucidate the role of supple-
mentation in primary prevention [102]. In one 
meta-analysis, a 100-mg increment in magnesium 
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intake was associated with 5% risk reduction in 
hypertension [103]. Evidence of the differential 
impact of one form compared to another has not 
been evaluated as yet in the research.

 Manganese

Manganese is a naturally occurring, abundant, 
and essential trace element. It operates as a 
cofactor for many enzymatic reactions involved 
with enzymes arginase, pyruvate carboxylase, 
glutamine synthetase, and manganese superox-
ide dismutase. It facilitates the metabolism of 
cholesterol, some amino acids, and glucose. It is 
also involved in bone formation and antioxidant 
activity such as reactive oxygen species scaveng-
ing [104] and plays a role in homeostasis and the 
clotting cascade (along with vitamin K) [105]. 
In supplemental forms, manganese is available 
in differing formulations (bisglycinate chelate, 
glycinate chelate, aspartate, gluconate, picolate, 
citrate, chloride, and sulfate). No current research 
defines the absorption, bioavailability, and toler-
ance of these different forms; however, iron sta-
tus appears to affect manganese absorption [106].

A small percentage of manganese is absorbed 
in the small intestines via a known active trans-
port system and a lesser known nonsaturable 
passive mechanism, thought to be facilitated by 
diffusion when intake is high. Most of the man-
ganese found in the body is present in the bones 
(25–40%), with the remaining amounts stored 
in the liver, pancreas, kidney, and brain. Stable 
manganese concentrations are maintained in 
the body via a balance of absorption and excre-
tion [74].

Though research is limited, prospective studies 
have identified manganese deficiency as a likely 
risk factor for ischemic heart disease including 
coronary artery disease [107]. In a prospective 
study, urine manganese had a negative associa-
tion [108] with systolic and diastolic blood pres-
sure highlighting cardiovascular association with 
low levels of manganese. Research on the effect 
of manganese on heart disease has also looked 
at the interplay between manganese and magne-
sium. Manganese and magnesium appear to have 

interchangeable functions where they can occupy 
activation sites in proteins requiring either Mg or 
Mn with similar efficiency. Some animal studies 
have suggested that manganese supplementation 
can worsen magnesium deficiency and contrib-
ute to higher morality [109]. Manganese can 
also become toxic in high quantities and lead to 
a manganism, which causes a Parkinson-like ill-
ness [110]. Studies of occupation- related man-
ganese exposure reveal that manganese toxicity 
leads to abnormal ECGs (sinus tachycardia, sinus 
bradycardia, and arrhythmias), hypertension, and 
hypotension [111]. There are no clinical trials 
investigating the impact of manganese on cardio-
vascular health.

 Calcium

Calcium is one of the most abundant elements 
in the human body, with 99% being stored in 
the skeleton [74] and teeth and smaller amounts 
found inside the cells, in blood and tissues such as 
the muscle. In addition to its role in bone health, 
it is involved with several cellular and tissue 
functions including muscle contraction, particu-
larly vasoconstriction and vasodilation, intracel-
lular signaling, nerve transmission, and hormonal 
secretion. In supplementation, calcium exists in 
two main forms: calcium carbonate and calcium 
citrate. Calcium carbonate is more widely avail-
able and inexpensive but requires stomach acid to 
become bioavailable. In contrast, calcium citrate 
is readily absorbed and optimal for individuals 
with malabsorptive conditions [112].

Once consumed, calcium is absorbed via active 
and passive transport in the small intestines [74]. 
More specifically, the efficiency of calcium is 
dynamic where absorption increases as the intake 
level decreases. At low-to-moderate levels, active 
transport occurs and requires the presence of vita-
min D.  At high intake levels, passive transport 
occurs primarily. This dynamic efficiency is a fea-
ture of the mechanism that allows tight regulation 
of calcium in the body where significant changes 
in intake do not lead to significant changes in con-
centration unless in severely abnormal states [89] 
that have been long standing.
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Calcium is integral to a healthy cardiovascu-
lar system, particularly with its involvement in 
cardiac muscle function. However, calcium sup-
plementation has been on the rise and evidence 
from prospective studies [113], RCTs [114], and 
meta- analyses [115] suggests that calcium sup-
plement intake is associated with an increased 
risk of CVD events and mortality [116]. Though 
concerns have been [116] raised with other stud-
ies [117] showing some conflicting evidence, the 
most recent meta-analysis [118] continues to sup-
port a concern that calcium supplementation may 
increase CVD risk. Adverse effects of calcium 
supplementation seem to occur when total body 
calcium is already adequate. A recent review 
suggests that in spite of the widespread use of 
general supplements, there appears to be no evi-
dence of significant benefit [19]. There have also 
been studies showing a potential benefit of cal-
cium supplement intake on glucose metabolism 
[119] on lipid levels [120], where calcium binds 
to fatty acids leading to decreased absorption in 
the intestines. The current consensus summa-
rized from a recent review [116] appears to be 
that a more evidence-based approach is needed 
and to approach Ca supplementation with cau-
tion as the overall body of evidence is not yet 
fully clear. This has not been shown with dietary 
intake of calcium in observational studies. High 
dietary calcium intake (including food sources 
and supplements) has been associated with lower 
risk of CVD [121, 122]. The overall recommen-
dation is that use of calcium supplements outside 
of deficiency should be avoided with the encour-
agement of dietary intake of calcium. The benefit 
of the use of calcium and vitamin D supplemen-
tation remains conflicting and thus unclear.

 Phosphorus

Phosphorus is an abundant mineral of critical 
importance found naturally in combination with 
oxygen as phosphate. It is integral to energy 
production as a component of ATP and is a key 
element in the formation of cellular membranes, 
nucleic acids, bone, and teeth [74]. Phosphorus 
is vital to other processes including maintaining 

proper pH and phosphorylation, a step in the cat-
alytic activation of proteins. Phosphorus can be 
obtained in the diet through the consumption of 
a variety of whole foods and dietary supplemen-
tation in single and combination formulations, 
which include MVI. Phosphate additives are also 
largely present in processed foods. In supplemen-
tation, phosphorus is available in the form phos-
phate salts (dipotassium phosphate or disodium 
phosphate) and phospholipids (phosphatidyl-
choline and phosphatidylserine). Simultaneous 
intake of calcium carbonate and antacids can bind 
to phosphorus and prevent its absorption [123].

Once consumed, most phosphorus absorption 
occurs in the jejunum by passive concentration- 
dependent processes though some is also 
absorbed via active transport and the efficiency 
of absorption appears to be unaffected by intake 
levels. Phosphorus is present in food in the form 
of phosphates and phosphate esters. Phosphate is 
also stored in the form of phytic acid; however, 
this form requires the presence of the enzyme 
phytase, which is not produced in the human 
intestines. In the body, phosphorus is primarily 
found in hydroxyapatite (85%), the main com-
ponent of bone and teeth, and to a much lesser 
degree in soft tissue (15%).

Many robust studies have outlined an asso-
ciation with higher serum phosphorus concen-
trations and CVD as well as CVD mortality in 
the CKD and ESRD populations [124, 125], 
prompting the development of phosphate binders 
to reduce phosphorus serum levels. The mecha-
nism underlying this includes disordered mineral 
metabolism associated with impaired kidney 
function promoting vascular calcification, arte-
rial stiffness, cardiomyocyte hypertrophy, athero-
sclerosis, and other pathophysiological processes 
that impair and damage the cardiovascular sys-
tem [122, 125, 126]. In the general population, 
the same association is observed with even mild 
elevations in serum phosphorus, even at the 
higher end of the normal range [127–131]. Excess 
dietary phosphorus intake has been commonly 
observed in the Westernized population and can 
lead to perturbations in phosphorus homeosta-
sis. Because of the increasing consumption of 
processed foods in the American diet, high con-
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sumption of dietary phosphorus has increasingly 
become a topic of interest and concern [131]. It 
has been suggested that daily intake of phospho-
rus exceeding 800 mg may have adverse effects 
[132–134]. Phosphorus restriction has been rec-
ommended as a strategy to decrease adverse out-
comes in the general population.

 Potassium

Potassium is one of the most important miner-
als found in the body as it serves as one of the 
main intracellular cations. It is involved in many 
crucial cellular processes including nerve trans-
mission, muscle contraction, vascular tone, and 
regulation of intracellular and extracellular fluid 
volume [74]. Potassium can be obtained from 
dietary sources via a wide variety of whole foods 
and dietary supplementation. Forms of potassium 
supplementation include potassium chloride (the 
most commonly used), potassium citrate, phos-
phate aspartate bicarbonate, and gluconate.

Once consumed, potassium is absorbed in the 
small intestines via passive diffusion and con-
centrated in the intracellular and extracellular 
compartments to create a gradient that drives 
many cellular processes. In a cardiac cell, as 
in other cells, this gradient is characterized by 
a high level of potassium inside the cell com-
pared to outside of the cell, up to 30 times higher 
in the intracellular space than the extracellular 
space. Enzymatic processes, including sodium–
potassium (Na+/K+) ATPase transporter, are 
responsible for maintaining this gradient. Other 
cellular ions such as Ca and Na have higher 
concentrations outside of the cell. In this state, 
the cell is polarized as it holds a more negative 
charge inside the cell relative to the outside of 
the cell. In this state, it is inactive until it depo-
larizes resulting in the phases 0–4 of the action 
potential: the rapid upstroke, repolarization, pla-
teau, the late repolarization, and diastole [135]. 
Subsequently, the action potential facilitates the 
cellular processes of nerve transmission and 
muscle contraction.

A low potassium diet has been associated 
with increased blood pressure, increased risk 

of stroke, and increased risk of chronic kidney 
disease. Potassium deficiency serves to induce 
sodium reabsorption and decrease sodium uri-
nary excretion and decrease vasodilation [136–
138]. One of the benefits derived from potassium 
intake is its effect on blood pressure where high 
dietary potassium intake has been associated 
with decreased blood pressure and subsequently 
lower risk of stroke and coronary heart disease. 
Potassium supplementation has been used to 
offset the impact of high sodium consump-
tion. A 2013 systematic review found that high 
potassium intake was associated with a statisti-
cally significant decrease in blood pressure in 
patients with and without hypertension [137]. A 
2011 meta-analysis observed a 21% lower risk 
of stroke with a 1.64-g higher intake of potas-
sium [138]. Potassium intake was not associated 
with risk of coronary heart disease or risk factors 
associated with it such as blood lipid concentra-
tions [138].

 Selenium

Selenium is an essential mineral that is found nat-
urally in many foods. It is an integral component 
of special proteins called selenoproteins that play 
an important role in thyroid function as cofactors 
for thyroid hormone deiodinases, reproduction, 
DNA synthesis, immune function, redox signal-
ing, oxidoreductions, and antioxidant activity 
[74, 139]. Selenium has also been identified as 
playing a role in cell cycle progression and cell 
growth and in cancer prevention via the promo-
tion of cell arrest and induced cell death (apopto-
sis) [140, 141]. Selenium can be obtained from 
dietary sources via a wide variety of whole foods 
and dietary supplementation. In supplementary 
forms, selenium is available as selenomethio-
nine, selenium-enriched yeast, sodium selenite, 
and sodium selenite.

Selenium exists in inorganic (selenate and 
selenite) and organic forms (selenomethionine 
and selenocysteine) and is present in human 
tissues in the organic forms. Selenomethionine 
and selenocysteine are also the dietary forms 
of selenium, with selenomethionine being the 
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most prominent. Selenate and selenite are not 
dietary forms and are used to fortify foods and 
in dietary supplements. Both selenomethionine 
and selenocysteine are well absorbed in the 
GI tract. These four forms of selenium can be 
ingested and converted to metabolites such as 
selenide, which can operate as a precursor for 
other reactions in the cell, or methylselenol, 
which is involved in regulation of the cell cycle. 
Selenium stores in the body include the skeleton 
and the liver.

Historically, selenium deficiency has been 
most associated with a juvenile cardiomyopa-
thy called Keshan disease that is endemic to 
countries such as China and Eastern Siberia 
[142, 143]. Though this is a specific dis-
ease, the underlying pathology of increased 
oxidative stress related to Se deficiency has 
been observed in the development of CVD 
in the general population [144]. The specific 
pathophysiology appears to be related to the 
impaired function of selenoproteins such as 
glutathione peroxidase, thioredoxin reductases, 
and methionine sulfoxide reducated B1, which 
have been specifically linked to cardiovascu-
lar stress [145]. Mechanisms supporting the 
positive impact of selenium on cardiovascular 
health include increased antioxidant activity, 
reduced apoptosis, and reduced alteration of 
inflammatory response pathways. The trend 
of adverse CVD risk factors and CVD and its 
association with inadequate mineral levels con-
tinues to be observed with respect to selenium. 
However, high selenium exposure in the setting 
of adequate selenium intake may be associated 
with increased risks of Type 2 diabetes, lipid 
levels, and blood pressure as well as adverse 
cardiometabolic outcomes, though most stud-
ies have been cross- sectional and thus do not 
prove causation. Currently, there is no conclu-
sive evidence to conclude that use of selenium 
supplements will prevent CVD in nondeficient 
populations [144–148]. This is a needed area of 
research as the use of selenium-enriched foods, 
supplements, and even fertilizers has notably 
increased in recent years due to increased mar-
keting and consumer interest in selenium’s anti-
oxidant capabilities.

 Copper

Copper is an essential mineral found naturally 
in some foods. It acts as a cofactor for many 
enzymes known collectively as cuproenzymes, 
which play an important role as oxidases in the 
reduction of molecular oxygen. These enzymes 
include diamine oxidase (inactivates the hista-
mine released in allergic reactions), monoamine 
oxidase (plays essential role in the degradation 
of serotonin and metabolism of catecholamines 
and dopamine), ferroxidases (plays a role in iron 
transport via ferrous iron oxidation), dopamine, 
β-monooxygenase (converts dopamine to norepi-
nephrine), and copper/zinc superoxide dismutase 
(plays a role in antioxidant activity). The activity 
of these enzymes has been shown to decrease with 
copper deficiency. Copper also plays an important 
role in angiogenesis, immune system function, 
regulation of gene expression, neurotransmitter 
homeostasis, and pigmentation [149]. Copper 
can be obtained from dietary sources via a wide 
variety of whole foods and dietary supplementa-
tion. In supplementation, copper exists as cupric 
oxide, cupric sulfate, copper amino acid chelates, 
and copper gluconate [74].

Copper is primarily absorbed in the small 
intestines via saturable-mediated and non- 
saturable- mediated processes and as well as 
energy-dependent transport via Menkes P-type 
ATPase. Copper absorption is very dependent 
on dietary intake and can vary from 20% to 50% 
depending on the milligrams of copper ingested. 
It is mainly bound by ceruloplasmin and trans-
ported through the body for use and storage in 
cells and specific tissues. Two-thirds of the cop-
per in the body is stored in the skeleton and mus-
cle with the remaining third stored in the liver 
where 35% of copper is absorbed in the portal 
vein and delivered to the liver for uptake in the 
liver cells [74].

Cuproenzymes, such as superoxide dismutase 
and lysyl oxidase, are crucial for the  physiological 
responses of cardiovascular cells. The expression 
of cuproenzymes by cardiac cells is tightly regu-
lated and facilitate angiogenesis, cell growth, cell 
migration, and wound repair [150]. Deficiency 
in this mineral leads to decreased activities of 
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these enzymes leading to pathological mecha-
nism (peroxidation, glycation, and nitration), 
resulting in the loss of cell matrix in the heart 
and blood vessels as well as antioxidant damage 
[151–153]. Copper, like many other minerals, has 
a dual nature where levels that are too high or 
too low are pro-oxidant and are associated with 
disease while sufficient levels allow for normal 
antioxidant activity and are associated with pre-
vention of disease. In prospective studies, high 
serum copper and ceruloplasmin levels have been 
associated with CVD similar to low serum cop-
per levels [151, 154, 155]. The only randomized 
trial looking specifically at copper supplement 
use found the data to be inconsistent where there 
was both improvement and worsening of meta-
bolic markers [156].

 Chromium

Chromium is a trace mineral known to be 
involved in glucose regulation although a com-
prehensive understanding of the role it plays 
in human physiology remains to be elucidated 
in the research. In addition to playing a role in 
glucose regulation by potentiating the action of 
insulin, it also appears to be involved with the 
metabolism of fats, carbohydrates, and proteins. 
Chromium can be obtained from dietary sources 
as well as dietary supplementation. Chromium 
is widely used as a supplement and is present in 
single and combination formulations. It is avail-
able as chromium chloride, chromium nicotinate, 
chromium picolinate, high-chromium yeast, and 
chromium citrate [74]. Clarity on which of these 
supplemental forms is best to take is limited due 
to a lack of research.

Chromium exists in two forms: the dietary 
form, which is trivalent chromium [74] (chro-
mium III), and the form that exists in the envi-
ronment, hexavalent (chromium VI), which is 
carcinogenic. The current understanding is that 
chromium is absorbed in the small intestines via 
passive diffusion mechanisms and then trans-
ported by the protein, transferrin, to various tis-

sues. Chromium absorption is found to be quite 
low in the body, ranging from 0.5% to 2.5% [74, 
157]. Research has suggested that absorption 
may be potentiated by exercise. In the body, chro-
mium stores include the liver, spleen, and bone.

The impact of chromium on CVD has been 
studied within the last two decades but data 
remain limited. Studies from the 1970s revealed 
that chromium was indeed and essential nutrient 
that played a role in glucose metabolism, particu-
larly with insulin, and lipid metabolism [158]. 
The epidemiological evidence on chromium 
intake and CVD is limited but suggests an inverse 
relationship between deficient chromium levels 
[159] and risk of myocardial infarction [160]. 
Chromium deficiency has been associated with 
hyperglycemia, hyperinsulinemia, insulin resis-
tance, and hypertension, which are all abnormal 
physiological states that contribute to type 2 dia-
betes and metabolic syndrome. In regard to sup-
plementation, some studies have suggested that 
chromium supplementation improves insulin and 
glucose control [161–163]. There remains a need 
for further research to better understand whether 
chromium supplementation results in cardiovas-
cular benefit.

 Macronutrient Supplement 
Compounds

Macronutrients have also been increasingly eval-
uated on their role in cardiovascular health. These 
compounds—usually taken whole or in combina-
tion with other supplements—have a variety of 
impacts in homeostatic function, including mus-
cle and myocardial function. Over the last several 
decades, several compounds have been evaluated 
including CoA Q10, garlic, pmega-3 fatty acid 
oils, resveratrol, red rice yeast, Ginkgo biloba, 
and curcumin. In general, compared with vitamin 
and elemental supplementation, relatively less is 
understand about the use of these as supplements. 
While some studies have shown promise, the 
complex interplay for much of these compound’s 
actions remains yet to be elucidated.
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 CoQ10

CoA Q10 (CoQ10) is the only known endog-
enous lipid-soluble antioxidant in humans and 
is found in high concentrations in the bilipid 
membranes. Its two primary roles are protect-
ing cellular membranes from lipid peroxidation 
by reactive oxygen species and as a carrier in the 
electron transport chain [164]. CoQ10 is, unsur-
prisingly, found in high concentrations in meta-
bolically active tissues such as the heart, liver, 
kidneys, and nervous system [165]. The evidence 
supporting its role in cardiovascular health is 
mounting, both due to its antioxidant effects and 
its role in energy production. The role of inflam-
mation on CVD is well known, and understand-
ing the effects of CoQ10 on the heart is important 
given the worldwide burden of CVD.

Endothelial dysfunction, often caused by reac-
tive oxygen species (ROS), is found early on in 
the development of CVD [165]. A meta-analysis 
of RCTs looking at CoQ10 supplementation’s 
effects on the vascular flow patterns related to 
endothelial dysfunction showed that when given 
oral supplementation of CoQ10, there was an 
improvement of the flow-mediated dilation of 
the peripheral arteries indicating improvement 
of the endothelial dysfunction and the possible 
therapeutic benefits to the early supplementation 
of CoQ10 [166]. This relationship is thought to 
be mediated by the antioxidant effects of CoQ10 
and could play a role in both primary and sec-
ondary prevention of CVD [167]. Other studies 
have shown that CoQ10 supplementation reduces 
inflammatory markers. A case-control study 
looking at CVD and the interplay of reactive 
oxygen species and CoQ10 showed that cases 
who had had a recent coronary stent placed had 
higher levels of oxidative markers and lower lev-
els of CoQ10 compared to controls who did not 
have CVD [168–171]. The long-term effects of 
CoQ10 supplementation were studied in a RCT 
among elderly adults who were given CoQ10 and 
selenium supplementation for 4 years. The indi-
viduals in the treatment arm had a statistically 
significant reduction in mortality that continued 
to be seen even 8  years after the supplementa-

tion had been ceased. Reperfusion injury plays 
a large part in the long-term consequences of 
ischemic heart disease. Due to CoQ10’s mecha-
nism of action both as an antioxidant and as part 
of the mitochondrial energy machinery, it plays 
a valuable role in mitigating the effects of isch-
emic injury during and immediately after myo-
cardial infarctions. Higher levels of CoQ10 have 
been connected with lower oxidative stress, less 
myocardial necrosis and apoptosis, improved 
cardiac functioning, and increased energy avail-
able directly following a myocardial infarction. A 
study looking at the correlations of endogenous 
levels of CoQ10 in the blood and the long-term 
effects of ischemic injury and left ventricular 
function showed that patients with lower levels 
of CoQ10 had worse outcomes than individuals 
with higher levels of CoQ10 6 months after the 
event [172]. Due to the time it takes to build up 
CoQ10 levels in the blood via oral supplementa-
tion, acute use after an MI is often too little too 
late so the therapeutic benefits are seen best when 
used earlier on in the course of the disease. While 
the beneficial effects of CoQ10 are seen in the 
early stages of CAD, a meta-analysis of CoQ10 
supplementation showed that in heart-failure 
patients CoQ10 lead to decreased mortality and 
improvements in exercise capacity indicating that 
it has uses even in secondary prevention [173].

There is insufficient evidence to support 
CoQ10 has any effect on hyperlipidemia or blood 
pressure, although preliminary studies suggest it 
may play a role in mitigating the effects of hyper-
lipidemia on development of atherosclerosis and 
coronary artery disease [174].

Anecdotal evidence suggests that some peo-
ple have resolution of statin-induced myopathy 
with supplementation of CoQ10; however, the 
evidence supporting this has been mixed. One 
meta- analysis [175] did show CoQ10 to be 
beneficial in the muscle weakness, cramps, and 
fatigue though not in regards to muscle pain, 
while another meta-analysis [176] found no ben-
efit with CoQ10 supplementation in regards to 
statin- induced myopathy. The studies were gen-
erally small with significant heterogeneity mak-
ing conclusions difficult to assess between trials.
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 Garlic

Garlic (Allium sativum) has many claims to 
health including decreasing lipids, blood pres-
sure, and an antiplatelet effect leading to a risk 
reduction of CVD.  Allicin, the pungent chemi-
cal that gives garlic its strong flavor, has not been 
shown to be absorbed in the gut and is therefore 
unlikely responsible for the lauded health effects 
of this plant. However, S-allyl-l-cysteine (SAC), 
a water-soluble organosulfide, found in the aged 
garlic formulations, has high bioavailability and 
is thought to be partially responsible for the many 
bioactive effects of garlic. Due to the many dif-
ferent chemicals in garlic, depending on the for-
mulation, it can lead to either no health effects 
if the primary components are the more vola-
tile chemicals such as allicin, or to significant 
improvements in blood pressure and lipid pro-
files in formulations containing the more water- 
soluble SAC components [177].

In a double-blind placebo-controlled trial, 
researchers found that the use of aged garlic 
extract led to a statistically significant drop in 
blood pressure among participants with uncon-
trolled hypertension. A meta-analysis of 20 RCTs 
showed that garlic supplements lowered both dia-
stolic and systolic blood pressure [178].

Not only has garlic been shown to reduce blood 
pressure, it also can lead to a small but significant 
reduction in lipid levels. A meta-analysis looking 
at clinical trials that used aged black garlic, garlic 
oil, and garlic supplements showed that) garlic 
supplementation led to a significant decrease in 
total cholesterol and LDL levels while increasing 
HDL levels [179].

While not as supported as the lipid- and 
blood- pressure- lowering effects of garlic, prelim-
inary studies have shown garlic supplementation 
has an effect on inhibiting platelet aggregation 
[180] which could prove to be another beneficial 
way that garlic is cardioprotective. While there 
is insufficient evidence on the role garlic plays 
during acute myocardial infarctions, animal stud-
ies have shown that it protects myocytes from 
hypoxic injury by inducing autophagy instead 

of necrosis [181]. Further studies are needed to 
determine how this could lead to a beneficial 
effect in humans.

 Fish Oil

Societies with high amounts of fish in their diets 
have been shown to have lower rates of CVD, 
raising interest in the use of fish oil supplementa-
tion in the prevention of CVD. Fish contains high 
levels of polyunsatuated fatty acids (PUFA) with 
a double bond in the third carbon position, more 
commonly known as the omega-3 fatty acids. The 
two primary omega-3 FAs are eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA). 
The PUFAs have been shown to have multiple 
cardioprotective mechanisms including lower-
ing of cholesterol and triglycerides, antiarrhyth-
mic and anti-inflammatory properties [182–185]. 
Studies have shown that supplementation of 
2–4 g/day leads to a decrease in total cholesterol 
levels in dose dependent manner with or without 
the use of statin medications [186, 187]. Bioactive 
derivatives of the omega-3 FAs have been shown 
to decrease sudden cardiac death and episodes 
of ventricular tachycardia in patients with recent 
myocardial infarctions [185] making a case for 
its use in secondary prevention. While the data 
are mixed on the use of omega-3 FA for primary 
prevention [188–190], recent studies looking at 
formulations containing only EPA have shown a 
clear decrease in the incidence of primary myo-
cardial infarctions in patients with significant risk 
factors for CVD [191]. Additionally, bioactive 
compounds derived from omega-3 have potent 
anti-inflammatory properties and are integral to 
the modulation of the immune system and down-
regulation of acute phase reactants. Given the role 
inflammation plays in CVD, this ability may play 
a role in the primary prevention of CVD. Thus, 
there is great interest in further understanding the 
role of EPA supplementation in average and low-
risk individuals.

There have been a number of large cohort 
studies looking at the effects of fish oil on car-
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diovascular health which are worth noting. One 
of the difficulties with the use of supplements 
is the unregulated industry, especially amongst 
the over-the-counter (OTC) formulations. The 
JELIS trial, which followed 18,645 Japanese 
patients and used just the EPA PUFA, and the 
REDUCE-IT trial, which followed 8179 cardiac 
patients and gave them icosapent ethyl which is a 
highly purified stable form of EPA, both showed 
improvements in cardiovascular outcomes with 
the use of EPA [176]. However, the VITAL trial, 
which used a fish oil supplement that combined 
the EPA and DHA [176], showed no significant 
cardiovascular benefits. The differences in the 
trials demonstrate how the specific components 
of the supplements can change the outcomes; 
almost all OTC fish oils are a combination of the 
EPA and DHA PUFA. Because of this, the cur-
rent recommendations for the use of nonprescrip-
tion (OTC) fish oil supplementation are class III 
(no benefit) for primary and secondary preven-
tion of CVD [176].

 Resveratrol

Resveratrol (RES) is a potent antioxidant found 
in the skin of red grapes and is a direct scaven-
ger of hydroxyl (•OH) and superoxide (O2•−) 
radicals. Given the moderate consumption of red 
wine among the French, it is thought to be one of 
the chemicals that explains the “French Paradox,” 
the observation that low levels of CVD has been 
noted among French individuals despite a diet 
rich in saturated fats. Clinical trials in patients 
with CVD have shown that supplementation with 
RES leads to a decrease in platelet aggregation, 
improved flow mediated dilation, and left ventric-
ular function in patients with recent MI making a 
case for its use as a nutraceutical [192]. However, 
questions about bioavailability with oral supple-
mentation, its ability to inhibit CYP3A4, and the 
lack of significant clinical evidence on the effects 
of RES on cardiac health bring into question the 
efficacy of RES supplementation for primary and 
secondary prevention of CVD. Further questions 

on whether it is RES alone rather than a combi-
nation of multiple chemicals in red grapes that 
explain the “French Paradox” remain.

 Red Rice Yeast

Red Yeast Rice (RYR) has been used in Chinese 
medicine as a lipid lowering cardioprotective 
supplement for decades. Some formulations of 
RYR contain high levels of a compound called 
monocolin K, which is chemically identical to 
lovastatin. RYR has been shown to lower LDL-C 
comparable to moderate-dose statin medications, 
especially in patients who have side effects from 
or prefer not to take statins [193, 194]. RYR has 
been shown to reduce cardiovascular mortality in 
patients with diabetes and hypertension in vari-
ous clinical trials [195, 196]. One of the concerns 
that has been brought up by the FDA is the unreg-
ulated industry and the amount of monocolin K 
found in various OTC supplements and concerns 
over its safety profile given its similarities to 
prescription medications [193, 194, 196, 197]. 
Specific safety concerns are due to the metabo-
lite citrinin. Animal studies have shown neph-
rotoxic effects and renal cancer associated with 
the chronic use of citrinin. Certain RYR supple-
ments have been found to have concentrations of 
citrinin over the levels recommended safe [195]. 
While studies have clearly shown that RYR with 
high levels of monocolin K does have similar car-
dioprotective effects of the statins in both lipid- 
lowering activity and secondary prevention of 
cardiac mortality, it can be challenging to know 
what percentage of monocolin K a particular sup-
plement may have.

 Ginkgo Biloba

One of the most commonly used herbal remedies 
in the USA and Europe, Ginkgo biloba is taken 
with a goal of stabilizing atherosclerotic plaque 
and improving blood flow [198]. Ginkgo biloba 
has been shown to have anticoagulation proper-
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ties by direct inhibition of thrombin. Evidence 
supports that it may decrease early plaque for-
mation in the coronary arteries and stabilizes 
existing plaque in CVD patients by downregulat-
ing inflammatory markers leading to a decrease 
in LDL-C oxidation and subsequent foam cell 
formation [199–201]. While clinical trials are 
lacking in showing an effect on reduction in mor-
bidity and mortality from cardiovascular events, 
the reduction and stabilization of plaque do indi-
cate that it may be a useful tool in the prevention 
and management of CVD.

 Curcumin

Curcumin, the active ingredient in turmeric, has 
long been used in Eastern medicine as a powerful 
anti-inflammatory agent. Due to its long history 
of use, recent studies have sought to understand 
more of what curcumin does in the body. Its 
primary role in cardiovascular health has to do 
with its potent anti-inflammatory and antioxidant 
effects [202]. Curcumin lowers vascular inflam-
mation leading to decreased levels of TNF-a, 
IL-6, IL-1, and other inflammatory markers, 
which may help to reduce macrovascular compli-
cations, especially among diabetics. In addition 

to the anti-inflammatory effects, meta-analyses of 
RCTs showed that daily use of curcumin reduced 
LDL-C and total cholesterol levels in adults with 
metabolic syndrome further decreasing cardio-
vascular risk. Curcumin also has been shown to 
have antiplatelet and anticoagulant properties, 
though no trials have been done to show this has 
a direct effect on cardiac morbidity and mortality 
[203–205]. Overall, curcumin has been shown to 
be safe and effective in clinical trials [202], and 
thus ongoing trials may provide further evidence 
to support this compound. As it stands, further 
research is needed to understand its direct effects 
on cardiovascular health.

 Conclusion

Dietary supplements, vitamins, and minerals 
are a multibillion-dollar industry that makes all 
sorts of claims about health benefits. While the 
use of supplements has been found to confer 
benefit as evidenced by rigorous studies showing 
mortality benefit such as CoQ10 and congestive 
heart failure, others, such as fish oil, have epi-
demiological support but thus far have failed to 
show significance of benefit when studied in a 
systematic way. Table  1.1 outlines an overview 

Table 1.1 Summary of supplement dietary sources, common formations, and summary for CVD benefit

Nutrient Dietary source Supplement forms Summary evidence
Multivitamins Varied—whole grains, plant 

sources (legumes, green leafy 
vegetables, fruits, nuts); some 
animal sources (meat, such as 
pork, fish, beef)

MVI—multivitamins (varied) Dietary intake in foods rich in 
these vitamins has 
epidemiological support for CVD 
benefit. Interventional studies 
have failed to find consistent 
benefit for CVD risk

B Vitamins Varied—whole grains, plant 
sources (legumes, green leafy 
vegetables, fruits, nuts); some 
animal sources (meat, such as 
pork, fish, beef)

B1—thiamine
B3—niacin
B5—pantothenic acid
B6—pyroxidine
B9—folate/folic acid
B12—cyanocobalamin

Supplements of some may lower 
surrogate markers of CVD risk; 
supplements have not consistently 
been found to confer benefit. Diet 
intake in foods rich in these 
vitamins have epidemiological 
support for CVD benefit

Vitamin C Varied fruit sources—citrus, 
potatoes, tomatoes; varied 
vegetable sources including 
potato, broccoli, Brussels 
sprouts, bell pepper

l-ascorbic acid Diets rich in vitamin C have 
inverse associations with incident 
heart disease; supplement use in 
isolation has not been found to 
confer CVD risk benefit
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Table 1.1 (continued)

Nutrient Dietary source Supplement forms Summary evidence
Vitamin A Animal derived especially 

liver; some fish oils; dairy 
products; vegetable sources 
include green leafy 
vegetables, tomatoes, potatoes 
(especially swell potato)

Retinol, retinal, and retinyl 
esters; carotenoid compounds or 
provitamin A compounds 
(α-carotene, β-carotene, and 
β-cryptoxanthin)

Carotenoid-rich diets have been 
found to have a lower 
cardiovascular disease risk; 
interventional studies have not 
found consistent benefit and in 
some populations (e.g., smokers) 
may confer harm

Vitamin D Fatty fish, fish oils; dairy in 
particular cheese; egg yolks, 
mushrooms; fortified foods 
such as milk, certain fortified 
cereals

25-Hydroxyvitamin D-calcidiol; 
1,25-hydroxyvitamin 
D-calciferol

Epidemiologic support for CVD 
risk and vitamin D exposure 
(sun); interventional studies have 
failed to find consistent CVD risk 
benefit

Vitamin E Varied—plant sources (green 
leafy vegetables, seeds, nuts); 
some vegetable oils (canola, 
corn, soybean); some fruits 
(kiwi, tomato)

Tocopherols; tocotrienols Largely mixed evidence; large 
intervention trials have not found 
benefit and possible harm 
(intracranial bleeds, heart failure 
exacerbations)

Vitamin K Varied—Plant sources (green 
leafy vegetables); some 
vegetable oils; some fruits 
(blueberries, grapes, 
pomegranate)

K1—Phylloquinone
K2—menaquinone
K3—menadione, derived from 
K1

Early studies suggest possible 
benefit of K1 and K2; 
interventional studies are ongoing

Zinc Whole grains, cashews, 
sesame seeds, pumpkin seeds, 
almonds, chickpeas, legumes, 
poultry, beef, lamb, oysters, 
and shrimp

Zinc acetate; zinc gluconate
Zinc sulfate

Though zinc deficiency has been 
implicated in the development of 
atherosclerosis, current evidence 
does not supplementation in 
primary prevention

Magnesium Green leafy vegetables, 
legumes, nuts, seeds, whole 
grains

Magnesium aspartate; 
magnesium chloride; 
magnesium citrate; magnesium 
lactate; magnesium oxide

Magnesium supplementation has 
been associated with favorable 
effects in individuals with CVD 
risk factors though more research 
is needed to elucidate its benefit 
in primary prevention

Manganese Plant sources (whole grains, 
nuts, legumes, leafy 
vegetables, coffee, tea, spices 
such as black pepper) and 
animals sources (mollusks)

Manganese bisglycinate chelate; 
manganese glycinate chelate; 
manganese aspartate; 
manganese gluconate; 
manganese picolate; manganese 
citrate; manganese chloride; 
manganese sulfate

Manganese is known more for its 
potential for toxicity. Some 
prospective studies have identified 
an inverse relationship between 
manganese levels and blood 
pressure; however, no clinical 
trials have investigated the impact 
of manganese on CVD

Calcium Plant sources such as Chinese 
cabbage, kale, and broccoli;
dairy sources such as milk, 
yogurt, and cheese; grains 
when consumed frequently in 
adequate amounts

Calcium carbonate; calcium 
citrate

Studies have provided conflicting 
evidence on the benefit or adverse 
effects of calcium 
supplementation. More studies 
have suggested an increased risk 
of CVD and CVD mortality. Per 
most recent guidelines, calcium 
supplementation is not 
recommended

(continued)
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Table 1.1 (continued)

Nutrient Dietary source Supplement forms Summary evidence
Phosphorus Plant sources (nuts, legumes, 

vegetables and grains) and 
animal sources (dairy 
products, meats and poultry, 
fish and eggs); processed 
foods contain phosphate 
additives such as phosphoric 
acid, sodium phosphate, and 
sodium polyphosphate

Phosphate salts (dipotassium 
phosphate or disodium 
phosphate) phospholipids 
(phosphatidylcholine and 
phosphatidylserine)

Excess phosphorus intake is a 
concern, particularly with the 
dietary patent of westernized 
cultures. Increased intake of 
phosphorus has been associated 
impaired cardiac and renal 
function. The overall 
recommendation is to decrease 
phosphorus intake in the diet

Potassium Plant sources (legumes, green 
leafy vegetables, fruits, and 
nuts) and animal sources 
(meat, poultry, fish, milk, and 
yogurt)

Potassium chloride, potassium 
citrate, potassium phosphate, 
potassium aspartate, potassium 
bicarbonate, and potassium 
gluconate

Dietary intake associated with 
decreased CVD risk and mortality 
while supplementation has 
consistently been found to 
decrease blood pressure

Selenium Plant sources (whole grains, 
fruits, vegetables, nuts, 
especially Brazil nuts) and 
animal sources (seafood, 
meat, and dairy)

Selenomethionine; selenium- 
enriched yeast; sdium selenite; 
sodium selenite

Currently, there is no conclusive 
evidence to conclude that use of 
selenium supplements will 
prevent CVD in nondeficient 
populations

Copper Plant sources (seeds, nuts, 
grains, chocolate) and animal 
sources (shellfish and organ 
meats)

Cupric oxide; cupric sulfate; 
copper amino acid chelates; 
copper gluconate

Both high and low serum copper 
and ceruloplasmin levels have 
been associated with CVD in less 
robust studies. There are no 
clinical trials demonstrating 
conclusive evidence on the impact 
of copper supplementation on 
CVD health

Chromium Whole grains, some fruits 
(apples, bananas, oranges, and 
grapes), some vegetables 
(green beans, potatoes, 
broccoli, garlic, and basil), and 
meats (beef, turkey, chicken)

Chromium chloride chromium 
nicotinate; chromium picolinate; 
high-chromium yeast, chromium 
citrate

There remains a need for further 
research to better understand 
whether chromium 
supplementation results in 
cardiovascular benefit

CoQ10 N/a N/a Cardioprotective against 
morbidity and mortality from 
ischemic heart disease

Garlic N/a Aged garlic formulations Significant decrease in blood 
pressure and small but significant 
decreases in LDL-C levels

Fish oil N/a N/a Mixed evidence for cardioprotective 
benefits. EPA-only formulations 
show cardioprotective benefits. 
EPA/DHA OTC formulations do 
not show evidence of 
cardioprotective benefits

Resveratrol Grapes and red wine N/a Limited evidence on 
cardioprotective benefits as a 
nutraceutical

Red yeast rice N/a N/a Lowers LDL-C similar to statins. 
Concerns over heterogeneity of 
active ingredients in supplements

Gingko 
biloba

N/a N/a Anti-inflammatory effects may 
lead to stabilization and reduction 
of plaque

Curcumin Turmeric N/a Potent anti-inflammatory agent 
decreases vascular inflammation 
and LDL-C levels
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and summary of the key findings thus far for the 
compounds reviewed in this chapter. As many of 
these confer considerable expense to patients, it 
is imperative that clinicians are critical of exist-
ing evidence, and judicious with recommenda-
tion of supplement use. Overwhelmingly, it is 
consistently safe to recommend the consumption 
of varied, whole foods that are rich in dietary 
macronutrients, such as garlic and fish compared 
to isolated preparations such as garlic extract 
and fish oil. Ideally, the consumption of these 
foods is recommended as part of a nutrient-rich 
plant- predominant dietary pattern as outlined 
in the Healthy US-Style Dietary Pattern that is 
referenced in the 2020–2025 Dietary Guidelines 
for Americans. A perfect example of this is the 
use of green tea: while there are some concerns 
over the safety of green tea extract [206], there 
is consensus in regard to the significant benefits 
of drinking green tea [207]. The more one can 
get beneficial compounds such as PUFAs, poly-
phenols, antioxidants, vitamins, and minerals 
through regular dietary consumption, over the 
use of supplements formulation, generally, the 
better for health-related outcomes.
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Impact of Nutrition on Biomarkers 
of Cardiovascular Health
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and Pam R. Taub

 Introduction

The role of nutrition and lifestyle as effective strate-
gies to decrease diabetes and cardiovascular disease 
risk is becoming increasingly important as over 
one-third of Americans are prediabetic and more 
than 60% of Americans eat more than the daily 
recommended amount of sodium, added sugar, 
and saturated fats [1, 2]. Although a wide variety 
of diet and lifestyle treatment options are avail-
able to patients, clinical dietary counseling often 
fails to meet patient needs and provide sufficient 
guidance and feedback on progress [3]. One way to 
understand the impact of diet is through biomark-
ers, which serve as noninvasive, cost-effective, and 
diverse tools for physicians to quantify a patient’s 
responses to nutritional therapy. While there are 
several methods of monitoring a patient’s response 
to nutritional therapy, biomarkers are preferred due 
to their low cost, greater accessibility, and avail-

ability of rapid testing. The biomarkers discussed 
in this chapter were selected based on their clinical 
relevance and strength of literature available. This 
chapter will focus on how biomarkers can be used 
to assess the impact of diet and lifestyle changes on 
cardiovascular health (Fig. 2.1).

 BMI/Body Composition

Obesity, defined by a BMI of greater than 30 kg/
m2, is a well-known risk factor for dyslipidemia, 
hypertension, diabetes, cardiometabolic syn-
drome, CVD, and cancer. However, extending 
beyond a pure weight-based assessment, new evi-
dence sheds light on the importance of body fat 
distribution and body composition in overall health 
[4, 5]. Numerous tools are available to clinicians 
to quantify body composition. For example, dual 
energy absorptiometry (DEXA) scans are used to 
analyze body composition and are an important 
diagnostic tool for osteopenia and osteoporosis. 
Further, DEXA scans have been utilized to assess 
fat mass normalized by height squared (FMI), 
which is advantageous over BMI in that the value 
is independent of lean muscle mass, and FMI may 
be used as a predictor for cardiovascular health [6]. 
DEXA scans have been used in clinical research 
and in special populations such as athletes [7]. 
However, current guidelines suggest that the clini-
cal utility of DEXA scans in metabolic syndrome 
evaluation requires further research [8].
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An even less invasive measurement of body 
composition is the waist-to-hip ratio, measured 
simply by circumference. An increased waist-
to- hip ratio shows a significant association with 
risk of myocardial infarction, as well as coro-
nary artery disease, and T2D [9], [10]. In fact, 
waist- to- hip ratio shows both a graded and a sig-
nificant association with myocardial infarction, 
especially in comparison to BMI, across ethnic 
groups [11]. The population-attributable risks of 
MI for waist-to-hip ratio in the top two quintiles 
of INTERHEART study participants was 24.3% 
compared with only 7.7% for the top two quin-
tiles of BMI [9]. The importance of waist-to-hip 
ratio and waist circumference in predicting car-
diometabolic risk has been increasingly recog-
nized in the literature, and qualitative descriptors 
known as “pear” body shaped and “apple” body 
have been applied to describe patients with more 
weight around the hips and more weight around 
the waist, respectively [12, 13]. Furthermore, there 

is evidence to suggest that even in women with 
normal weight, central obesity is associated with 
increased risk of mortality, similar to mortality in 
women with elevated BMI with central obesity 
[14]. These findings underscore the importance of 
assessing not only BMI as a risk factor for future 
cardiovascular disease, but also central obesity.

Studies have shown when body composition 
is modified with modalities such as high intensity 
exercise and diet, there is a reduction in body fat, 
waist circumference and increase in muscle mass. 
For example, patients with a history of myo-
cardial infarction (n = 90) who performed high 
intensity exercise lost 4 pounds more of body fat, 
gained 1.5 pounds more of muscle, and reduced 
their waist circumference by 2.54 cm more than 
those who solely performed moderate exercise 
[15]. In addition, the Mediterranean diet (MD) in 
particular can be useful in reducing weight cir-
cumference, as demonstrated in a meta-analysis 
by Kastorini et al. [16].
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Fig. 2.1 The effects of each major food group on cardiovascular biomarkers reviewed in this chapter

C. K. Ormiston et al.



31

 Blood Pressure

Numerous large-scale studies have provided 
strong and consistent evidence that both systolic 
(SBP) and diastolic (DBP) blood pressures are 
positively associated with cardiovascular disease 
outcomes [17]. These findings are consistent 
across genders, various age groups, racial and 
ethnic groups, and across different countries. Not 
only is elevated blood pressure an overall pre-
dictor for cardiovascular outcomes, systolic and 
diastolic values are helpful in differentiating risk 
for patients and may act as a marker to assess 
risk of cardiometabolic syndrome [17]. While 
hypertension significantly affects the heart, it has 
multi- organ effects and is a risk factor for kidney 
disease and stroke [18].

Vegetarians have been shown to have lower 
blood pressure than those who eat omnivorous 
diets. In a meta-analysis of 258 studies, vegetar-
ian diets were found to reduce SBP ~5–7 mm Hg 
and DBP by ~2–5 mm Hg, which is equivalent 
to the effect of losing 2.5 lbs [19]. Mirroring 
these findings , the MD decreases both SBP 
(−2.35 mm Hg) and DBP (−1.58 mm Hg) blood 
pressure [16]. Conversely, salty foods increase 
risk of hypertension: increasing SBP by 4.58 mm 
Hg and DBP by 2.25  mm Hg per 1000  mg of 
sodium [20]. Alarmingly, the risk of hyperten-
sion for participants in the upper third and fourth 
quartile (>3819 mg/day) is more than 4x higher 
compared to those in the lower two quartiles 
(P < 0.01).

Exercise also plays a crucial role in manag-
ing hypertension. Endurance training, dynamic 
resistance training and isometric training lower 
both SBP and DBP [21]. A systematic review 
and meta-analysis by Cornelissen and Smart in 
2013 found that blood pressure reductions after 
low- intensity endurance exercise were smaller 
than blood pressure reductions after moderate- or 
high-intensity training [21]. (Low-intensity exer-
cise training was defined by <55% of heart rate 
maximum or < 40% of heart rate reserve) [21]. 
Surprisingly, this same meta-analysis found that 
the groups exercising >210 min a week had the 

smallest reductions in blood pressure, possibly 
due to the fact that more exercise was performed 
at a lower intensity [21]. There are many differ-
ent effective options for exercise to reduce blood 
pressure, but it may be worthwhile to consider 
prescribing a supervised facility-based exercise 
program for patients new to exercise, as this does 
yield the highest adherence [21].

 Total Cholesterol

Total cholesterol, a commonly performed mea-
sure, is the sum of LDL cholesterol, VLDL 
cholesterol, HDL cholesterol, intermediate-
density lipoprotein (IDL) cholesterol and cho-
lesterol associated with lipoprotein(a) (Lp(a)). 
Cholesterol is a requirement for physiological 
function—it is an essential structural component 
of cell membranes and acts as a precursor for ste-
roid hormones produced by the body. While the 
liver’s synthesis of cholesterol is largely deter-
mined by genetic factors and feedback mecha-
nisms, the remainder of cholesterol is obtained 
through dietary intake. Foods such as dairy 
products, eggs, meat, and poultry are significant 
sources of cholesterol in the diet. Though reduc-
ing such animal product intake seems intuitive 
to lower total cholesterol in patients with hyper-
lipidemia, dietary cholesterol has little effect on 
cardiovascular disease risk [22]. In fact, the rela-
tionship between dietary cholesterol and cardio-
vascular disease is different in a given individual; 
studies demonstrate that the fractional absorption 
rate of dietary cholesterol is variable, ranging 
from 20% to 80% [22].

According to US population studies, an 
optimal total cholesterol level in an adult is 
<150 mg/dL [23]. It is important to note, how-
ever, that there is a large difference in cardiovas-
cular mortality rates for a given total cholesterol 
value [24]. Total serum cholesterol may be 
tracked longitudinally as a way to assess both 
risk for cardiovascular disease and nutrition sta-
tus, alongside other clinically significant values, 
discussed below.
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 Low-Density Lipoproteins (LDL)

While total cholesterol is an important value to 
track over time and is a predictor of cardiovas-
cular risk, LDL is colloquially termed “bad cho-
lesterol” and is the main target of lipid lowering 
therapies such as statins. LDL is particularly 
utilized clinically as epidemiologic data dem-
onstrates a positive and consistent relationship 
between LDL concentration and cardiovascu-
lar mortality and cardiovascular events. There 
is also substantial data to support the effort of 
lowering LDL, as reduction decreases patients’ 
cardiovascular risk across a wide spectrum of 
patients, including those with known cardiovas-
cular disease.

LDL is known to play a key role in the patho-
physiology of atherosclerosis. Portions of blood 
vessels that are susceptible to atherosclerosis 
retain lipoproteins like LDL, and it is this reten-
tion that is an initial and key step in the forma-
tion of atherosclerotic plaques in the arteries. The 
mechanism of plaque formation is well under-
stood, and the evidence for LDL’s key role in 
atherosclerotic formation is corroborated by the 
understanding of Familial Hypercholesterolemia, 
an inherited disease associated with severely ele-
vated LDL levels and premature atherosclerotic 
cardiovascular disease [25].

While LDL is the target of pharmacotherapy, 
diet plays a vital role in LDL reduction. The MD, 
which contains large amounts of plant sterols 
and nuts, lowers LDL, as compared to a low-fat 
controlled diet [26]. Meta-analyses of vegetarian 
diets corroborate that vegetarian diets not only 
lower total cholesterol, but LDL as well [27]. 
Further, nuts such as almonds, hazelnuts, and 
walnuts have been linked with a decrease in LDL 
and C-reactive protein, an acute phase reactant 
discussed later in this chapter. Additionally, vis-
cous fiber has been shown to reduce LDL by trap-
ping bile salts and preventing reuptake in the GI 
tract, as well as interfering with cholesterol being 
absorbed into cells [26].

Target LDL is based on multiple factors, 
but US population studies suggest that LDL 
<100 mg/dL manifests in low levels of athero-

sclerotic cardiovascular disease and patients 
with an LDL >190  mg/dL have a high risk 
of atherosclerotic cardiovascular disease 
[23]. LDL is an important value in the clini-
cal assessment of risk for heart disease, and 
clinicians target therapies based on changes 
in LDL, which acts as a useful biomarker. 
Pharmacologic therapies used to lower LDL 
include statins, ezetimibe, bile acid seques-
trants, and PCSK9 inhibitors [23].

 High-Density Lipoproteins (HDL)

Opposite of LDL, HDL is often introduced to 
patients as the “good cholesterol.” And unlike 
LDL, there is a known inverse relationship 
between HDL and the risk for cardiovascular 
events [28]. HDL is a scavenger of cholesterol––
it assists in facilitating the return of cholesterol 
from the blood vessels back to the liver for even-
tual elimination. Furthermore, HDL prevents 
oxidation of LDL to limit LDL’s role in the gen-
eration of atherosclerotic plaque and prevents 
secretion of the vasoconstrictor endothelin [29].

HDL values <40  mg/dL are considered an 
independent risk factor for cardiovascular dis-
ease [30]. Although low HDL is correlated with 
cardiovascular disease, raising HDL by pharma-
cologic interventions has not been consistently 
shown to have significant clinical benefit [31]. 
Some diets, such as the MD, have been shown to 
increase HDL levels, but the maximum thresh-
old of improvement appears to be as low as 12%. 
Importantly, saturated fats and, to a lesser extent, 
unsaturated fatty acids have been shown to 
increase HDL [32]. Moderate alcohol consump-
tion, specifically wine, is positively associated 
with higher levels of HDL [33, 34]. Conversely, 
diets high in carbohydrates and low in fats have 
been associated with low HDL [35]. There is pre-
liminary evidence that aerobic exercise improves 
the anti-inflammatory and anti-oxidative proper-
ties of HDL, but the lack of consistent findings 
in this regard warrants more studies to determine 
the importance of exercise on HDL values and 
function [31].
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 Non-HDL Cholesterol

The sum of LDL and VLDL values is termed 
non-HDL cholesterol , which is more atherogenic 
than LDL or VLDL alone [23]. Therefore, non- 
HDL more accurately assesses atherogenic lip-
ids and CV risk than LDL, especially in patients 
with hypertriglyceridemia. In patients with high 
triglycerides, such as patients with metabolic 
syndrome and Type II Diabetes, LDL is less 
accurately estimated by means of the Friedewald 
equation [23, 25]. Due to the limitations of the 
Friedewald equation, other ways of estimating 
LDL have been developed such as the Martin- 
Hopkins equation, which is a novel method to 
estimate LDL by using an adjustable factor of 
triglycerides to VLDL ratio [36]. Given that 
there are atherogenic lipids beyond LDL, some 
evidence suggests non-HDL cholesterol values 
could be more predictive of cardiovascular risk 
than LDL [37, 38]. In a recent 10-year risk cohort 
study, both LDL and non-HDL cholesterol values 
above 160 mg/dL were independently associated 
with a 50–80% increased relative risk of mortal-
ity [39].

In addition to underscoring the importance of 
non-HDL cholesterol as a marker of atheroge-
nicity, the 2018 cholesterol management guide-
lines also underscore apolipoprotein B (apoB), 
the major apolipoprotein embedded in LDL and 
VLDL, as a stronger indicator of atherogenicity 
than LDL [23]. Another atherogenic biomarker 
similar in clinical utility and risk assessment to 
apoB is LDL particle number [40]. Both apoB 
and LDL particle number have been shown to be 
stronger cardiovascular disease risk factors than 
LDL cholesterol, but apoB has been the prefer-
able particle for guideline adoption given lower 
cost, standardization, and scalability [40].

 Triglycerides

Meta-analyses have demonstrated that both ele-
vated fasting and non-fasting triglycerides are 
associated with increased risk of coronary artery 
disease [41]. The Women’s Health Study fur-

ther corroborated the strong association between 
raised triglycerides and coronary artery disease, 
as well as risk of myocardial infarction and all- 
cause mortality [42, 43]. In addition to cardiovas-
cular risk, a triglyceride level > 150 mg/dL is a 
significant risk factor for metabolic syndrome, a 
cluster of pathological processes related to insu-
lin resistance and elevated free fatty acids [44]. 
Additionally, elevated triglyceride concentra-
tions (>885  mg/dL) are associated with risk of 
pancreatitis [45].

While these correlations between hypertri-
glyceridemia and risk for cardiovascular disease 
have been well studied, there is a need to further 
evaluate the clinical significance of lowering tri-
glycerides by pharmacotherapy [45]. However, 
triglycerides are highly affected by diet and life-
style. The MD, high in MUFA, PUFA and dietary 
fiber, can be particularly helpful in lowering tri-
glycerides [44]. Many studies have shown that 
high intake of carbohydrates (greater than 60% of 
caloric intake) is associated with a rise in triglyc-
erides [44]. In addition, high alcohol consump-
tion is associated with elevated triglycerides, but 
low and moderate alcohol intake are associated 
with lower triglycerides; this is likely dependent 
on the type of alcohol consumed [46].

There are several classes of pharmacologic 
agents, such as fibrates, that reduce triglyceride 
levels, but both weight loss and moderate inten-
sity exercise, such as brisk walking and social 
dancing, have been identified as key interventions 
to reduce triglyceride levels [47]. Additionally, 
dietary supplementation of ω-3 acid ethyl esters 
can be considered as an additional therapy for 
hypertriglyceridemia with a very minimal side 
effect profile [48]. Icospaent ethyl, a prescription 
highly purified eicosapentaenoic acid, has been 
shown to lower triglycerides and reduce the risk 
of ischemic cardiac events [49].

 Lipoprotein(a)

Lp(a) is a well-known risk factor for coronary 
disease that is highly heritable; elevated levels 
are associated with atherosclerosis development 
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and incidence of cardiovascular events [50]. 
Specifically, elevated Lp(a) levels have been 
associated with both coronary disease and cal-
cific aortic valve disease. Lp(a) is distinguished 
from LDL by the presence of apolipoprotein 
(a), which likely mediates proinflammatory and 
prothrombotic effects of the protein [51]. While 
Lp(a) is a modified LDL particle, Lp(a) levels 
are independent of LDL levels [25]. There is sig-
nificant evidence to support the use of Lp(a) as 
a risk factor for CVD, and there are randomized 
trials ongoing that are targeting Lp(a) [52, 53]. 
It is important to note that treatment with nia-
cin can reduce Lp(a) up to 20–30% but has not 
been associated with improved outcomes [25]. 
Interestingly, monoclonal antibodies to PCSK9 
may lower Lp(a) by 30% and have been associ-
ated with improved outcomes in large clinical 
trials such as FOURIER and ODESSEY [25, 
54, 55]. Additionally, there are new pharmaco-
logic approaches in phase III clinical trials that 
target Lp(a) lowering and it will be important to 
assess if lowering Lp (a) translates to decreased 
CV events [53]. There are little data available to 
support the influence of dietary choices on lower-
ing Lp(a), but several studies suggest that low-fat 
diets may result in an increase in Lp(a) [56].

 Hs-CRP

C-reactive protein (CRP), produced by the liver, 
is a marker of systemic inflammation [57]. 
High- sensitivity C-reactive protein (hs-CRP) 
is a higher sensitivity test that can detect lower 
grades of inflammation than a standard CRP test 
[57]. While numerous pathologic processes rang-
ing from infection to autoimmune disease can 
elevate hs-CRP levels, it can also be used as a 
global assessment of cardiovascular risk. Given 
that many processes can lead to systemic inflam-
mation, hs-CRP elevations may be transient in 
response to infection and should be repeated 
when these confounding processes are quies-
cent. Meta-analysis conducted by Li et  al. sug-
gests hs- CRP can stratify cardiovascular risk and 
all-cause mortality risk in the general population 
[57]. Further, data from the Women’s Health 

Study suggests hs-CRP predicts cardiovascular 
events even in groups that have no other apparent 
markers of cardiovascular disease [58]. An hs-
CRP <2.0 mg/L is often considered the threshold 
for low risk and a value of >2.0 mg/L is consid-
ered the threshold for higher risk [59].

Provided that inflammation plays a key role 
in the pathophysiology of atherosclerotic for-
mation, the correlation between hs-CRP and 
cardiovascular disease is not surprising. Even in 
patients with low levels of atherogenic biomark-
ers such as non-HDL cholesterol and apoB, a 
discordantly elevated hs-CRP level resulted in 
a 30–60% greater relative risk of developing 
ASCVD compared to patients with low hs-CRP 
[59]. While many cardiovascular risk factors 
such as smoking, diabetes, and hypertension can 
increase the inflammatory response and, thereby, 
hs-CRP, an anti-inflammatory diet may be help-
ful in reducing systemic inflammation and could 
help improve cardiovascular outcomes. Anti- 
inflammatory diets are the subject of many stud-
ies currently, but it has been well established 
that ω-3 fatty acids are anti-inflammatory, and 
ω-6 fatty acids tend to be pro-inflammatory. 
ω-3 fatty acids may be found in walnuts, canola 
oil, and soybean oil, and fish such as salmon, 
halibut, and mackerel. Conversely, ω-6 acids are 
found in corn and sunflower oils. It is generally 
recommended that protein in an anti-inflamma-
tory diet be plant-based with small amounts of 
fish and lean meats. Further, the phytonutrients 
found in soy-based proteins have been dem-
onstrated to have anti-inflammatory properties 
[60]. While a comprehensive anti-inflamma-
tory diet is beyond the scope of this text, the 
Mediterranean and other plant-based diets have 
been identified as general guidelines with anti-
inflammatory properties.

 TMAO and the Gut Microbiome 
(Fig. 2.2)

Trimethylamine N-oxide is a gut microbiota- 
dependent biomarker derived from L-carnitine, 
choline, and betaine. TMAO levels reflect a 
pro- atherogenic milieu in the gut microbi-
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ome and is associated with poor CV outcomes 
[61]. The  normal range for serum TMAO is 
0.5–5  μmol/L.  TMAO is felt to play a role in 
cardiovascular disease and enhancing CV risk. 
A study on adults undergoing elective diagnos-
tic cardiac catheterization found that partici-
pants who had a major cardiac event ≤3  years 
of catheterization had higher baseline TMAO 
levels compared to those who did not experience 
a cardiac event (5.0 μM vs. 3.5 μM; P < 0.001). 
Furthermore, elevated levels of TMAO were 
associated with a significant risk of mortality 
(hazard ratio (HR): 3.37; P  <  0.001) and non-
fatal myocardial infarction/stroke (HR: 2.135; 
P < 0.001) [61].

Foods rich in phosphatidylcholine (beef, eggs, 
and pork) get converted into trimethylamine and 
then TMAO. Increased choline levels induce 
greater gut microbial activity and, subsequently 
higher levels of TMAO.  The KarMeN study, 
which monitored plasma TMAO levels in healthy 
adults after eating red meat, found a positive cor-
relation (r  =  0.25) between red meat consump-
tion and choline levels. Additionally, participants 

with TMAO levels >3.98 μmol/L ate more than 
the daily recommended amount of red meat per 
day [62].

Conversely, plant-based diets can decrease 
TMAO levels by promoting more diverse and 
stable microbiota. This is due to greater intake 
of fiber, polyphenols, and beneficial bacteria. 
For example, Klimenko et al. found plant-based 
diets greatly improve microbiome diversity [63]. 
Long-term fruit and vegetable consumption also 
improved local microbial diversity (p  <  0.05). 
Moreover, reduced meat and greater fruit/veg-
etable consumption can be cardioprotective and 
inhibit TMAO production. In Koeth et al.’s study 
on L-carnitine metabolism, omnivores produced 
>20× more plasma TMAO than vegans despite 
consuming the same amount of L-carnitine 
(p = 0.001) [64].

The MD has also shown to promote gut diver-
sity and reduce TMAO levels. De Filippis et  al. 
examined the relationship between MD adherence 
and gut microbiota, observing significantly lower 
urinary TMAO levels in plant-based eaters vs. 
omnivores (p < 0.0001) and MD adherence hav-

Fiber increased lactic acid bacteria
(ie: Ruminococcus and E. rectale)

Polyphenols from plant foods like soy
increase Bifidobacterium and Lactobacillus

Increased
Inflammation

(hsCRP)

Higher TMAO

Plant based diet
Decreased risk for
cardiovascular disease

Animal based diet
Increased risk for

cardiovascular disease

Leaky gut

•

•

Fig. 2.2 The impacts of a plant-based diet vs. animal-based diet on TMAO levels, the gut microbiome, and the risk of 
coronary arterial plaque buildup. (Printed with permission from ©Christina Pecora)
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ing a negative correlation with TMAO levels [65]. 
Also, 25% of plasma metabolites are different 
between vegetarians and omnivores, further show-
ing how diet can change the gut microbiome [66].

Although advertised as anti-inflammatory, the 
paleo diet may adversely interact with our gut 
microbiota and increase TMAO levels. Genoni 
et  al. found serum TMAO levels were signifi-
cantly higher in strict paleo diet eaters (<1 daily 
serving of grains/dairy) compared to those who 
eat a healthy balanced diet (9.53  μmol/L vs. 
3.93 μmol/L, P < 0.01). This is possibly due to 
the lack of fiber in paleo diets [67]. In compar-
ing the Atkins diet and Ornish diet after 4 weeks, 
Park et  al. found the Atkins diet had higher 
TMAO levels compared to the Ornish diet: 3.3 
vs. 1.8 μmol/L, p = 0.01 [68].

Additionally, Verdam et  al. showed micro-
biome diversity is linked to inflammation in 
individuals who are obese. Compared to non-
obese participants, participants who are obese 
exhibited lower Bacteroidetes:Firmicutes ratios 
(p = 0.007) and higher levels of Proteobacteria, 
inflammatory bacteria positively associated with 
BMI and CRP (p  =  0.0005). Klimenko et  al. 
also showed an inverse relationship between 
gut diversity and BMI (p < 0.05) [63]. This sug-
gests obesity- induced loss of microbiota diver-
sity results in greater inflammation [69]. Other 
studies, however, show an opposite relationship 
between obesity and Bacteroidetes:Firmicutes 
ratios, indicating further research is needed on 
the specific interactions between our gut micro-
biota and lifestyle [70, 71].

 Albumin and Prealbumin

Albumin and prealbumin give important infor-
mation into a patient’s protein and calorie intake. 
Albumin, the most abundant serum protein, is 
a moderate indicator of malnutrition, with the 
normal range being 3.5–5.2 g/dL. As a negative 
acute-phase protein, its serum concentration and 
production is downregulated during inflamma-
tion [72]. Although prealbumin is also a negative 
acute-phase protein, its shorter half-life (~2 days) 

makes it a more sensitive indicator of acute mal-
nutrition and protein-calorie consumption com-
pared to albumin. Prealbumin’s reference range 
is 15–35  mg/dL [73]. As negative acute-phase 
proteins, prealbumin and albumin have high sen-
sitivities to inflammation and additional steps are 
required to determine if reduced levels are mal-
nutrition- or inflammation-induced.

Prealbumin and malnutrition risk are inversely 
related, where hypoalbuminemia (<3.5 g/dL) and/
or hypoprealbuminemia (<15  mg/dL) indicate 
higher malnutrition risk. This is because visceral 
protein synthesis is not prioritized by the liver 
and is only made in sufficiently nourished states. 
Consequently, inadequate nutritional intake 
inhibits synthesis of albumin and prealbumin, 
and subsequently lowers each protein’s levels. 
Additionally, Saka et  al. (n  =  97, 55 malnour-
ished) observed prealbumin levels increased by 
20% and risk of malnutrition decreased by 12% 
after 1 week of nutritional support, highlighting 
prealbumin’s sensitivity to dietary changes [74].

Maintaining healthy nutritional intake is also 
integral in predicting morbidity and mortality. A 
study on admitted patients with acute coronary 
syndrome and lower prealbumin levels showed 
their risk of a major in-hospital cardiac event 
was more than 3× the risk of patients with nor-
mal prealbumin levels: 20.8 vs 6.1% [75]. Also, 
Lourenço et  al. found the risk of heart failure 
death doubled in patients with discharge preal-
bumin levels ≤15  mg/dL, citing an imbalance 
protein-energy demands [76].

There are concerns, however, on albu-
min’s reliability in monitoring nutritional sta-
tus. For example, Lee et  al. showed patients 
did not exhibit abnormal albumin levels until 
they reached extreme starvation: <12 BMI 
or  >  6  weeks of starvation [77]. And while a 
meta-analysis found the risk ratio for a CVD 
event per 1  g/dL decrease in plasma albumin 
was 1.96 (95% CI, 1.43–2.68), this was likely 
due to inflammation and not malnutrition [78]. 
Additionally, another study (n  =  262) showed 
80% of geriatric patients had low albumin lev-
els despite receiving adequate nutrition [79]. 
Additional steps beyond albumin testing should 
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therefore be taken to accurately determine a 
patient’s nutritional status.

 Magnesium

Magnesium plays a dual role as a marker of 
nutritional status and cardiovascular health due 
to its interactions with CRP and serum plasma. 
Hypomagnesemia (<1.4 mg/dL) is linked to such 
conditions as hypertension, arrhythmia, diabe-
tes, and CHD [80]. Magnesium deficiency is so 
prevalent, in fact, that over 10% of hospitalized 
patients exhibit hypomagnesaemia [81]. Also, 
thiazide and loop diuretics have been shown to 
induce moderate reductions in magnesium con-
centration, but usually at or close to the normal 
range [82]. The normal range of serum magne-
sium is 1.46–2.68 mg/dL and 4.2–6.8 mg/dL for 
RBC magnesium [80, 83].

Magnesium is often acquired through green 
vegetables, meat, and dietary supplements. 
Global trends in diet have contributed to declin-
ing magnesium intakes through increased con-
sumption of soda and processed foods, which 
increase bodily phosphorus levels and thus the 
required daily magnesium intake. Additionally, 
the Framingham Heart Study (n = 2695) showed 
hypomagnesemia can increase the risk of connec-
tive tissue inflammation and aortic calcification 
due to a surplus of intracellular calcium. It was 
found that a 50-mg/day magnesium intake (by 
diet and supplements) was linked to 22% lower 
coronary artery calcification (CAC) (p < 0.001) 
and 12% lower abdominal aortic calcification 
(AAC) (p  =  0.07). Further, the risk of having 
CAC was 58% lower (p < 0.001) and any AAC 
was 34% lower (p = 0.01) in those with the high-
est magnesium intake compared to those with the 
lowest magnesium intake [84]. This is because 
the deficiency of magnesium allows calcium 
ions to dominate the binding sites of cardiac and 
smooth muscle cells, resulting in intracellular 
calcium buildup. Salaminia et  al. showed mag-
nesium supplementation plays a role in cardiac 
arrhythmia risk, with magnesium supplements 
decreasing ventricular and supraventricular 
arrhythmias compared to placebo (OR  =  0.32; 

p  <  0.001 and OR  =  0.42; p  <  0.001, respec-
tively) [85]. Moreover, each 100 mg/day increase 
of dietary magnesium has been linked to a 22% 
reduction in HF risk [86].

Magnesium intake is often higher in those eat-
ing a plant-based diet, as indicated by Koebnick 
et al.’s prospective study of 108 pregnant women. 
Women eating a plant-based diet (ovo-lacto veg-
etarian or low meat) had significantly higher 
magnesium intakes compared to women on the 
Western (control) diet: 508 ± 14 mg/day for ovo- 
lacto vegetarians (P < 0.001) 504 ± 11 mg/day 
for low-meat eaters (P < 0.001) vs. 412 ± 9 mg/
day for the control diet. While serum magnesium 
levels were similar across groups, RBC magne-
sium levels were higher in the low-meat group 
than the control group (P = 0.058) [87]. The MD 
has also exhibited moderate success in ensuring 
sufficient magnesium intake, with 66.9% of par-
ticipants in the MEAL study (n = 1838) meeting 
the daily recommended intake (~200–522  mg/
day) [88].

Numerous magnesium diagnostic tests are 
currently available. Although using RBC mag-
nesium is sometimes preferable given RBC’s 
higher magnesium content, its utility and reli-
ability has yet to be established [83, 89]. A 24-h 
urine analysis has also shown to be unreliable 
due to variability of renal magnesium reabsorp-
tion and excretion [90, 91]. Additionally, current 
serum magnesium guidelines have come under 
scrutiny for being insufficient in ascertaining a 
patient’s status [92]. As such, the combined use 
of 24 h urine, serum, and dietary magnesium tests 
is suggested to gain the most complete picture of 
a patient’s magnesium status.

 HbA1c and Fasting Glucose

Normal range for fasting blood glucose is 
70–99  mg/dL, with hyperglycemia resulting in 
risk of diabetes and hypoglycemia leading to 
acute neurological changes. HbA1C is a quan-
titative measure of average blood glucose of 
the past 2–3 months and is critical for diagnos-
ing and monitoring diabetes and determining 
 cardiovascular mortality. The ideal range for non-
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diabetics is <5.7% and ≤ 7.0% for patients with 
T2D [93, 94].

Plant-based diets have shown to be success-
ful in regulating blood glucose levels and reduc-
ing insulin resistance [95]. A meta-analysis 
found that T2D patients eating a plant-based diet 
reduced their HbA1c levels by 3.9% (P = 0.001) 
but had a nonsignificant 6.49  mg/dL decrease 
(P = 0.301) in fasting blood glucose levels [96]. 
Further, a randomized, 10-week study on eight 
men with untreated T2D showed diets composed 
of high-protein and low-carbohydrate foods can 
potentially improve blood glucose and HbA1c lev-
els, exhibiting an average glucose of 126 mg/dL 
and 7.6 ± 0.3 HbA1c in the diet group vs. 198 mg/
dL glucose and 9.8  ±  0.5 HbA1c in the control 
group [97]. The MD has also shown potential, 
reducing blood glucose levels by 3.89 mg/dL in 
a meta-analysis (n = 534,906) [16]. Intermittent 
fasting (500–600  cal/day for 2 nonconsecutive 
days/week), an increasingly popular eating pat-
tern, can also slightly decrease HbA1c levels in 
patients with T2D.  In a 12-month randomized 
noninferiority trial, HbA1c lowered by 0.3% but 
did not show as much of an improvement com-
pared to the continuous restriction diet group 
(1200–1500  cal/day), which showed a 0.5% 
reduction [98].

 Vitamin D

Vitamin D is a prohormone produced by the 
kidneys to regulate serum calcium concentra-
tion levels and immunological processes. As 
an essential vitamin it must be acquired exter-
nally. The greatest natural source of vitamin 
D, besides sunlight, is animal products such as 
dairy, fatty fish (salmon, tuna, etc), and some red 
meat and cruciferous vegetables. As we transi-
tion into a more indoors-oriented society, with 
62% of respondents in the Indoor Generation 
Report (n = 16,000) spending 15–24 h indoors 
per day, vitamin D supplementation is becom-
ing increasingly important [99]. The most 
clinically relevant form of serum vitamin D is 
25(OH)D and the reference range is 50 nmol/L 
to 125 nmol/L.

Since the majority of vitamin D rich foods 
are derived from animal sources and vitamin 
D fortified foods are not common, vegans and 
vegetarians may be at a greater risk of vitamin 
D deficiency. In fact, the EPIC Oxford Study 
(n  =  226 omnivores, 231 vegetarians, 232 veg-
ans) found male vegans, vegetarians, and omni-
vores ate 0.88 μg/day, 1.56 μg/day, and 3.39 μg/
day, respectively. Women had similar results: 
0.88 μg/day, 1.51 μg/day, and 3.32 μg/day [100].

In terms of supplementation, Barger-Lux et al. 
(n = 116) found supplementing with the recom-
mended vitamin D3 intake of 10 μg/day (400 IU/
day), the equivalent of 10 large eggs or 3 oz. of 
salmon, raises 25(OH)D by 11 nmol/L [101]. The 
issue therefore becomes the efficacy and sustain-
ability of acquiring vitamin D from food sources, 
a concern also brought up in the Adventist 
Health-2 study, since salmon is expensive and 
eating ten eggs a day introduces numerous other 
health risks, namely hypercholesterolemia. Also, 
as the EPIC Oxford study showed, neither omni-
vores nor vegetarians/vegans are meeting their 
recommended daily vitamin D intake, meaning 
all eating groups have to augment their diet with 
vitamin D3 supplements to fulfill the recom-
mended dietary intake.

Additionally, vitamin D may possess anti- 
inflammatory effects against cancer and diabetes, 
with several meta-analyses indicating vitamin D 
supplementation lowers cancer mortality rates 
[102]. In fact, a double-blinded randomized 
study on vitamin D supplementation and prostate 
cancer risk (n = 250) found 58% of patients in the 
supplement group vs 49% in the placebo group 
had a ≥ 50% reduction of prostate-specific anti-
gens (PSA) and a HR of 0.67 (P = 0.04) [103]. 
Also, Mousa et al. (n = 1270) found patients with 
T2D and taking vitamin D supplements had lower 
levels of CRP (standardized mean difference 
(SMD) −0.23; P = 0.002), tumor necrosis factor 
α (SMD −0.49; P = 0.005), erythrocyte sedimen-
tation rate (SMD −0.47; P  =  0.03), and higher 
levels of leptin (SMD 0.42; P = 0.03) compared 
to control groups, highlighting how vitamin D 
supplementation can mediate chronic inflamma-
tion in T2D patients [104]. Further, the Health 
Professionals Follow-up Study (n = 18,225 men) 
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found those with 25(OH)D deficiencies were 2× 
more likely to develop myocardial infarction than 
those who had healthy 25(OH)D concentrations 
(relative risk, 2.42; P < 0.001) [105].

The nationwide, randomized, placebo-con-
trolled VITAL Study (n = 25,871) shows further 
research is required, however, with vitamin D3 
supplementation showing no significant effects 
on cardiovascular health and cancer risk. For 
example, the HR between the vitamin D supple-
mentation and placebo group was 0.96 (P = 0.47) 
and incidence of a major cardiovascular event 
had a hazard ratio of 0.97 (P  =  0.69) [102]. 
Michos et al. parallel these findings, suggesting 
diet and sunlight should be prioritized over sup-
plements for optimizing vitamin D levels [106]. 
The authors also found calcium supplements can 
increase one’s risk of myocardial infarction and 
stroke, indicating dietary calcium and physical 
activity are safer methods of calcium intake.

 Vitamin B12 and Folate

While the plant-based diet dramatically improves 
cardiovascular health, there are limitations of 
implementing this diet–primarily risks of essen-
tial vitamin deficiencies. Vitamin B12, the largest 
and most complex essential vitamin, is primar-
ily sourced from animal products and is a criti-
cal enzyme cofactor involved in the oxidation of 
odd-numbered fatty acid chains. Additionally, 
it is neuroprotective and converts homocysteine 
into nontoxic molecules. B12 deficiency not only 
leads to neurological damage but also a buildup 
of homocysteine, which promotes arterial plaque 
buildup, increasing the risk of atherothrombosis 
[107, 108]. Folate is another essential vitamin 
and is critical for the biosynthesis of nucleo-
tide bases involved in amino acid synthesis and 
metabolism. Folate in its natural form is com-
monly found and consumed in spinach, nuts, 
beans, and other leafy green vegetables. In its 
synthetic form, folic acid, folate can be found in 
fortified foods such as bread and cereals.

While meats are rich in B12, folate is pri-
marily found in plant-based foods. It therefore 
comes as no surprise that vegetarians and vegans 

may have B12 deficiencies since their diets lack 
the only natural source of B12: meat. Rauma 
et  al.’s analysis of serum B12 concentrations 
and dietary intakes of living food diet vegans, 
who follow a strict raw food diet, and omni-
vores, it was found vegans have significantly 
(P  <  0.001) lower average B12 serum concen-
trations (193 pmol/L) as opposed to omnivores 
(311  pmol/L). Additionally, the serum concen-
trations in participants who supplemented their 
diets with B12 rich foods, such as seaweed, had 
levels twice as high compared to those who did 
not supplement, having an average B12 concen-
tration of 221 pmol/L vs 105 pmol/L (P = 0.025). 
It should be noted, however, that this study popu-
lation is part of a very strict subset of vegans and 
their B12 levels could be drastically different 
from average vegans due to dietary differences 
[109]. In a study on B12 supplementation in 50 
vegetarians with B12 deficiency (<150 pmol/L), 
supplementation was shown to be crucial for 
vegans in keeping healthy B12 concentra-
tions. By supplementing with 500 μg/day, par-
ticipants exhibited significant improvements in 
B12 serum concentration (from 134 ± 125.6 to 
379 ± 206.2 pmol/L, p < 0.0001) and reductions 
in plasma homocysteine levels (from 16.7 ± 11 
to 11.3 ± 6 μmol/L, p < 0.01) [110].

In the EPIC-Oxford study (n = 689: 226 omni-
vores, 231 vegetarians, and 232 vegans), 52% of 
vegans, 7% of vegetarians, and 1 omnivore were 
B12 deficient (<118  pmol/L). Consequently, 
average serum B12 concentrations in vegans were 
the lowest (122 pmol/L), with vegetarians com-
ing second (182  pmol/L), and omnivores with 
the average highest concentration (281 pmol/L) 
(P < 0.001). This is, of course, due to plant-based 
diets lacking natural sources of B12. Also, of the 
vegans and vegetarians that were not using B12 
supplements, 95% and 31% of vegans and veg-
etarians were failing to meet the recommended 
daily intake (1.5  μg/day), mirroring the trends 
found in Rauma et  al. Conversely, folate con-
centrations were highest in vegans (37.5 nmol/L) 
and lowest in omnivores (20.0 nmol/L), indicat-
ing an inverse relationship between folate and 
B12 (P < 0.001) [111]. Schupbach et al.’s study 
(n = 206, 100 omnivores, 53 vegans, 53 vegetar-
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ians) corroborates these findings, with 58% of 
omnivores being deficient in folate (<15 nmol/L, 
p < 0.05) [112].

The MD, a diet rich in fruits, vegetables, and 
lean meats (fish, poultry, etc.), can mediate B12 
deficiency in vegans. In the KIDMED study 
(n  =  3166, 6- to 24-yr-olds), none of the par-
ticipants were found to have B12 deficiencies 
however 14.3% of 6- to 14-yr-olds (P = 0.021) 
and 25.5% of 15- to 24-yr-olds (P  =  0.002) 
were deficient in folate [113]. This is likely due 
to a lack of MD adherence and greater average 
consumption of sweet drinks and processed 
foods found in younger adults [114]. Fortified 
foods rich in folate and other essential vitamins 
such as ready- to- eat cereals, however, have 
been shown to decrease folate deficiency risk 
(p < 0.001) in MD eaters (n = 3534) [115]. Also, 
Planells et  al. (n  =  384) showed the MD pro-
vided enough B12 (89.1% had acceptable lev-
els) but was moderately successful in mediating 
folate deficiency (57.6% acceptable) [116]. In a 
study on the MD and pregnant women (n = 72), 
however, 70.8% were B12 deficient and none 
were folate deficient, indicating pregnant 
women may be a vulnerable population to B12 
deficiency [117].

 Conclusion

The role and use of biomarkers and lifestyle 
changes to monitor and treat cardiovascular 
health and nutrition are of increasing inter-
est among health providers and patients. In this 
chapter, we reviewed the potential of biomarkers 
to monitor the impact of lifestyle changes. We 
also presented data on how plant-based diets and 
minimal red meat consumption can have positive 
effects on biomarkers like triglycerides, TMAO, 
and cholesterol.

While the biomarkers reviewed in this chapter 
are the most clinically relevant and useful mea-
sures for detecting the impact of diets and nutri-
tional therapy, the list of possible biomarkers that 
could contribute to clinical nutrition is continu-
ally evolving.
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Section 1: Background

The Mediterranean diet (MedDiet) is among the 
most extensively studied dietary patterns with evi-
dence that high adherence improves atheroscle-
rotic cardiovascular disease (ASCVD) risk factors, 
reduces cardiovascular (CV) events, and positively 
impacts a number of other chronic diseases [48]. 
The origins of the MedDiet can be traced back to 
ancient Greece where food groups central to the 
dietary pattern were preferentially consumed as 
part of a lifestyle that included physical activity, 
communal gatherings, and sharing of meals, all 
of which were deemed a core part of the culture. 
Hippocrates was one of the great supporters of 

the MedDiet for maintenance of health and treat-
ment of disease, and although unconfirmed, he is 
credited with preaching, “Let food be thy medi-
cine and medicine be thy food.” Over the years, 
the MedDiet has been the primary dietary pattern 
in various Mediterranean countries, which has 
evidence to support that it resulted in a decreased 
risk of disease and mortality. However, the influ-
ence of the Western diet has led to the reversal of a 
number of health benefits in the populations of the 
Mediterranean region [35].

In order to analyze the impact of the MedDiet, 
this discussion will consider its overall effect on 
CV outcomes, dissect how much of those ben-
efits are secondary to improvements in CV risk 
factors, and explore the direct effects of the 
dietary pattern on biomarkers and other physi-
ologic effects.

 Components of a Mediterranean Diet

The MedDiet is a plant-based, carbohydrate-rich, 
moderate-fat diet typically consumed by people 
(or populations) living in olive-growing areas of 
the Mediterranean region. The typical MedDiet 
includes an abundance of plant foods, including 
fruits, vegetables, grains, legumes, nuts, seeds, 
cereals, whole grains, and potatoes with olive 
oil being the primary source of fat. Dairy prod-
ucts (primarily cheese and yogurt), fish, poultry, 
eggs, and wine are typically consumed in low to 
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 moderate amounts. Other key principles of the 
MedDiet are that it is low in processed foods and 
saturated fat, rich in unsaturated fats (primarily 
monounsaturated fat from olive oil), and includes 
only small amounts of red and processed meat 
[62] (Fig. 3.1).

 The Mediterranean Diet Score

Epidemiologic studies have assessed adherence 
to a MedDiet by determining a Mediterranean 

Diet Score (MDS) of study participants. The 
scoring tool has been used as a dietary exposure 
variable in epidemiological studies or for direct-
ing dietary counseling specific to an individual 
in clinical care. The MDS was first proposed 
by Trichopoulou et  al. in 1995 and consists of 
a minimum of eight main food categories: the 
ratio of monounsaturated fat (from olive oil) to 
saturated fats, whole grains, vegetables, fruit and 
nuts, legumes, alcohol, red and processed meat, 
and milk/dairy products [60]. Multiple validated 
MDSs exist, varying from 9–14 food category 

Fig. 3.1 Mediterranean diet pyramid. This is the Oldways Mediterranean Diet Pyramid available at https://oldwayspt.
org/traditional- diets/mediterranean- diet
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components, and different scoring systems have 
been used in trials and modified for clinical use 
[6]. The availability of various MDSs is useful 
considering time limitations to complete longer 
assessment tools in some cases; however, this 
also leads to a lack of consistency in the dietary 
assessment done in different populations.

 Section 2: Evidence 
for Atherosclerotic Cardiovascular 
Disease Reduction and Outcomes

The evidence for ASCVD reduction associated 
with higher adherence to a MedDiet is robust, 
largely because it transcends human epidemio-
logic/clinical trials and basic science studies in 
animals with similar benefits consistently found 
on a molecular and population level [21]. One 
of the earliest studies to identify the relation-
ship between the MedDiet and CV health is the 
Seven Countries Study by Ancel Keys and col-
leagues in the 1950s. It includes over 50 years of 
data evaluating cohorts in Finland, Greece, Italy, 
Japan, Netherlands, the USA, former Yugoslavia, 
and other countries. This epidemiologic study 
hypothesized that there was an association 
between dietary habits, lifestyle, and CV health, 
and noted that populations in regions bordering 
the Mediterranean Sea experienced lower mor-
bidity and mortality rates from ASCVD com-
pared to Northern European countries and the 
USA [31]. Adult life expectancy for populations 
in the Mediterranean regions was one of the high-
est in the world with low rates of coronary heart 
disease (CHD). These findings were attributed 
to the consumption of what is now known as the 
MedDiet and propelled future research into this 
dietary pattern. Although the Seven Countries 
Study has been criticized for excluding outliers 
that had both differing dietary patterns and low 
rates of ASCVD [44], the key findings of the 
study have consistently been confirmed in more 
recent epidemiologic studies and randomized 
controlled trials (RCTs).

Since the Seven Countries Study, epidemiolog-
ical studies applying the MDS to very large pop-
ulations have found significant improvements for 

a variety of health outcomes, including ASCVD, 
mortality, development of cognitive disorders, and 
even alterations in genetic makeup. For example, 
in a United Kingdom cohort (n = 23,902), greater 
adherence to the MedDiet was associated with a 
decreased incidence in ASCVD (HR 0.95; 95% 
CI: 0.92–0.97), ASCVD mortality (HR 0.91; 
95% CI: 0.87–0.96), and all- cause mortality (HR 
0.95; 95% CI: 0.93–0.98) [58]. In a meta-analysis 
of nine cohort studies (n = 34,168), the highest 
MDS was inversely associated with the devel-
opment of cognitive disorders (RR 0.79; 95% 
CI: 0.70–0.90) [63]. Furthermore, in a subset of 
participants in the Nurses’ Health Study, longer 
telomeres were associated with greater adherence 
to the MedDiet, suggesting that the MedDiet pro-
motes health and longevity [5]. Importantly, the 
results of epidemiological studies showing health 
benefits associated with the MedDiet have been 
supported by RCTs.

Although large RCTs are rare in the field 
of nutrition science, there have been several 
examining the health effects of the MedDiet, 
two of which will be discussed here. The Lyon 
Diet Heart study was conducted in 605 post- 
myocardial infarction patients randomized to 
either a “Mediterranean-style diet ” or control 
(American Heart Association Step 1 Diet) with 
a 27-month average follow-up for major adverse 
CV events (MACE) [9]. Participants in the inter-
vention group were advised to eat a diet largely 
composed of bread, vegetables, fruit, and fish. 
Participants were instructed to limit meat intake 
and replace it with poultry, and butter and cream 
were replaced with canola margarine high in 
alpha-linolenic acid. Although the study had lim-
itations with respect to quality of data, the results 
are among the most impressive for the second-
ary prevention of ASCVD, with a 73% relative 
risk reduction noted in CV mortality and 70% 
reduction in overall mortality. Remarkably, these 
results were consistent at the 5-year follow-up for 
multiple combinations of MACE. Interestingly, a 
significant difference was not noted in CV risk 
factors (i.e., blood pressure (BP), weight, lipid 
profile) in the MedDiet group compared to the 
control group suggesting other beneficial effects 
of the MedDiet.
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One of the landmark CV primary prevention 
trials in nutrition science is the Prevención con 
DietaMediterránea (PREDIMED) trial, which 
was conducted in patients with high CV risk, but 
without established ASCVD. It was a multicenter 
nutritional intervention study conducted in Spain 
from 2003–2011, with 7,447 participants random-
ized to either a MedDiet supplemented with mixed 
nuts (30 g/d; 15 g walnuts; 7.5 g almonds; 7.5 g 
hazelnuts), a MedDiet supplemented with extra-
virgin olive oil (EVOO; 50 g/d), or a control diet 
(advice to reduce dietary fat intake) [17]. Total 
calorie restriction was not advised and physical 
activity was not promoted as part of the study rec-
ommendations. The median follow-up of the trial 
was 4.8 years with a reduction in MACE found 
when the two MedDiet arms were compared to 
the control group. Of note, the reduction in CV 
events was driven predominantly by a reduced 
rate of stroke (HR 0.65, 95% CI: 0.44–0.95) with 
no difference noted in myocardial infarction, CV 
mortality, or all-cause mortality [17]. The signifi-
cant reduction in stroke is impressive considering 
that very few medical or nutritional therapies have 
been found to have similar outcomes in the pri-
mary prevention setting.

The benefits of the MedDiet interventions of 
the PREDIMED trial have been attributed to the 
supplementation of either nuts or EVOO.  In a 
prospective analysis of 16,217 participants with 
type 2 diabetes (T2D), higher nut consumption 
(consumption of 5 or more servings of total nuts 
per week [1 serving  =  28  g] vs consumption of 
<1 serving/month), especially tree nuts (almond, 
walnuts, and hazelnuts), was associated with 
lower total ASCVD incidence (HR 0.83; 95% CI: 
0.71–0.98; P trend = 0.01), CHD incidence (HR 
0.80; 95% CI: 0.67–0.96; P trend = 0.005), CVD 
mortality (HR 0.66; 95% CI: 0.52–0.84; P trend 
<0.001) and all-cause mortality (HR 0.69; 95% 
CI: 0.61–0.77; P trend <0.001) [37]. The exact 
mechanism of benefit remains unknown, but it is 
thought to be related to the unique nutritional pro-
file of nuts, with components such as unsaturated 
fatty acids, fiber, vitamins, minerals, and phyto-
chemicals [37]. EVOO is the primary source of fat 
in the MedDiet. In a prospective cohort of 92,978 
US adults, higher olive oil consumption (>0.5 

tablespoon/day vs nonconsumers) was associated 
with 14% lower risk of ASCVD (pooled HR 0.86; 
95% CI: 0.79–0.94) and 18% lower risk of CHD 
(pooled HR 0.82; 95% CI: 0.73–0.91) [26]. The 
replacement of margarine, butter, mayonnaise, or 
dairy fat with the equivalent amount of olive oil 
was also associated with lower risk of ASCVD 
and CHD [26], but it is important to keep in mind 
that olive oil was compared to other forms of fat as 
opposed to nothing at all. The study found no sig-
nificant associations when olive oil was compared 
to other plant oils, suggesting that plant-based oils 
may be a healthier alternative to animal fats [26]. 
The benefits of olive oil may be derived from the 
rich polyphenol profile and the antioxidant impact 
on inflammatory biomarkers and lipids [26].

While the PREDIMED trial found supplemen-
tation with either nuts or EVOO to be beneficial, it 
is difficult to ascertain if the benefit was solely due 
to the nuts or EVOO after careful examination of 
the supplemental tables, which show a difference 
in the amount of vegetables, fruits, legumes, fish, 
and sofrito sauce consumed by participants in the 
MedDiet interventions compared to the control 
group [17]. There are data to suggest that these 
individual food components may convey health 
benefits. Additional analysis of the PREDIMED 
data found that, when examining participants by 
quintiles of plant-based foods, participants in the 
highest quintile had the lowest mortality rates sug-
gesting that the health benefits of the MedDiet 
are associated with the food components similar 
to other healthy dietary patterns, such as vegan/
vegetarian and the Dietary Approaches to Stop 
Hypertension (DASH) dietary patterns. It is 
important to note that the PREDIMED investiga-
tors faced criticism when it was realized that par-
ticipants enrolled within a given household were 
randomized to the same group without accounting 
for this change in protocol in the analysis of data. 
Critics argued that this may have not only altered 
the results of the trial but also puts into question the 
quality of the remaining data of the trial. Although 
this was an error on the part of the investigators, 
an analysis excluding those participants held true 
to the results of the original analysis and the study 
remains the strongest level of evidence for a RCT 
with a dietary intervention to date [17]. In addi-
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tion to the Lyon Heart Study and the PREDIMED, 
other RCTs have found that the MedDiet decreases 
the risk of ASCVD and CVD mortality (Fig. 3.2).

 Section 3: Impact on Atherosclerotic 
Cardiovascular Disease Risk Factors

There is a large body of evidence that has examined 
the impact of the MedDiet on individual ASCVD 
risk factors, such as dyslipidemia, T2D, and hyper-
tension, and collectively as part of metabolic syn-
drome (MetS). Most studies are prospective cohorts 
with few RCTs. The evidence is conflicting at times, 
but overall shows a trend toward a positive impact 
on ASCVD risk factors. The discussion in this sec-
tion will review key studies, including meta-anal-
yses, which provide the highest level of evidence 
available, and offer insight into the MedDiet’s 
impact on ASCVD risk factors (Table 3.1).

Fig. 3.2 Impact of the Mediterranean diet on CV events. (From: Salas-Salvadó et al. [48])

Table 3.1 Impact of the foods that are part of the 
Mediterranean diet on ASCVD risk factors

Foods CVD risk factor effects
Fruits and vegetables ↓ LDL-C, ↓ BP, ↑ glycemic 

control ↓ oxidative stress
Whole grains vs. 
refined CHO

↓ LDL-C, ↓ BP, ↑ glycemic 
control

Vegetable oils vs. solid 
fat

↓ LDL-C

Dairy products (skim/
low-fat vs. full-fat)

↓ BP (↓ LDL-C)

Lean meat, poultry (vs. 
high-fat)

↓ BP (↓ LDL-C)

Seafood ↓ TG, ↓ BP, ↓ arrhythmia, ↓ 
inflammation

Legumes, soy ↓ LDL-C, ↓ BP
Nuts, seeds ↓ LDL-C, ↑ HDL-C, ↓ BP, ↓ 

oxidative stress

From: Flock et al. [20]
BP blood pressure, CHO carbohydrate, CVD cardiovas-
cular disease, HDL-C high-density lipoprotein choles-
terol, LDL-C low-density lipoprotein cholesterol, TG 
triglycerides
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 Effect on Glucose/Insulin Resistance 
and Risk of T2D

Adhering to the MedDiet lowers the risk of 
new- onset T2D. Two meta-analyses have shown 
a 19–23% reduction in the risk of developing 
T2D in populations with higher adherence to 
the MedDiet. Schwingshackl et  al. conducted a 
meta- analysis of 1 RCT and 8 prospective cohort 
studies and Koloverou et  al. conducted a meta-
analysis of 1 RCT, 9 prospective, and 7 cross-
sectional studies, both of which found higher 
adherence to a MedDiet was associated with a 
significant reduction in the risk of developing 
T2D (RR = 0.81; 95% CI: 0.73, 0.90, P < 0.0001, 
I2  =  55%; and RR  =  0.77; 95% CI: 0.66, 0.89, 
respectively) [33, 51].

The MedDiet has been shown to improve 
glycemic control and decrease hemoglobin 
A1c (HbA1c) in patients with T2D. Two meta- 
analyses found that individuals with T2D who 
followed a MedDiet achieved a reduction of 
HbA1c by 0.30–0.47% compared to individu-
als with T2D following a control diet (e.g., low-
fat, high-carbohydrate, or usual care), and the 
MedDiet is more effective in improving glyce-
mic control compared to other dietary patterns 
[15, 27]. A network meta-analysis found that, 
compared to eight other dietary approaches (low-
fat, vegan/vegetarian, high-protein, moderate- 
carbohydrate, low-carbohydrate, low glycemic 
index/glycemic load [GI/GL], Paleolithic, and a 
control diet), the MedDiet was the most effective 
dietary approach in improving glycemic control 
in patients with T2D [52]. A narrative review 
found that, compared to other dietary patterns, 
the MedDiet has the most evidence for glycemic 
control and decreased ASCVD risk in patients 
with T2D [36] and is recommended by several 
guidelines as an eating plan for the management 
of T2D [2, 18, 32, 36].

 Effect on Lipids

RCTs show a beneficial effect of the MedDiet 
on lipid profiles, with an increase in high-density 

lipoprotein cholesterol (HDL-C) and lowering 
of triglycerides (TGs); however, there is a high 
degree of inconsistency across studies and the 
results must be interpreted with caution [48]. 
For example, in a meta-analysis by Kastorini 
et al., participants assigned to the MedDiet saw 
an improvement in HDL-C (1.17  mg/dL; 95% 
CI: 0.38, 1.96) and TGs (−6.14  mg/dL; 95% 
CI: −10.35, −1.93), whereas in the meta-analy-
sis by Garcia et al., participants assigned to the 
MedDiet had improved TGs (−40.7 mg/dL; 95% 
CI: −0.72, −0.21), but no significant change in 
HDL-C [24, 28].

A network meta-analysis of 52 RCTs, with 
an intervention period of ≥12 weeks, compared 
the effect of the MedDiet and eight other dietary 
patterns (low-fat, vegan/vegetarian, high-pro-
tein, moderate-carbohydrate, low-carbohydrate, 
low GI/GL, Paleolithic diet, and a control diet) 
on blood lipids in patients with T2D [41]. The 
results showed that the moderate-carbohydrate 
and vegan/vegetarian dietary patterns were most 
effective at reducing low-density lipoprotein cho-
lesterol (LDL-C) compared to the control diet. 
The MedDiet was the only dietary pattern that 
increased HDL-C.

The MedDiet, along with the low- carbohydrate 
dietary pattern, significantly reduced TG com-
pared with the low-fat and control dietary 
patterns [36, 41]. Overall, the authors of this net-
work meta-analysis concluded that the MedDiet 
was the most effective dietary pattern to manage 
the dyslipidemia associated with diabetes (i.e., 
increased TG, decreased HDL-C), but cautioned 
that the findings are limited by low credibility of 
evidence.

The network meta-analysis discussed above 
found that the MedDiet was ranked fourth for 
lowering LDL-C with vegan/vegetarian, low GI/
GL, and moderate-carbohydrate dietary patterns 
ranked higher. Other studies have found a modest 
LDL-C lowering effect of the MedDiet [12, 46], 
although, similar to the network meta-analysis 
results discussed above, some researchers have 
found vegan/vegetarian dietary patterns are more 
effective at lowering LDL-C compared to the 
MedDiet [54].
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 Effect on Blood Pressure

A limited number of studies have evaluated the 
influence of the MedDiet specifically on BP; 
however, patients are more commonly coun-
seled to follow the MedDiet as part of overall 
primary or secondary prevention strategy that 
would potentially impact various risk factors 
[10]. In the PREDIMED study, more than 80% 
of the 7,447 participants had hypertension. 
Yet, after 4 years of follow-up, the researchers 
found that participants assigned to the MedDiet 
supplemented with either EVOO or mixed nuts 
had no significant change in systolic BP (SBP) 
compared to the control group. Both MedDiet 
groups had a reduction in diastolic BP (DBP), 
−1.53  mmHg in the EVOO group (95% CI: 
−2.01, −1.04) and −0.65  mmHg (95% CI: 
−1.15, −0.15) in the mixed nuts group, com-
pared to the control group [57].

A meta-analysis by Nissensohn et  al. iden-
tified 6 studies and included more than 7,000 
participants who followed either a MedDiet or 
low-fat dietary pattern and found a positive and 
significant association between the MedDiet and 
reduction in BP. However, the authors interpreted 
the results with caution, finding insufficient evi-
dence to suggest that the MedDiet reduces BP 
more than the low-fat dietary pattern due to the 
limited number of studies and their heterogene-
ity [42]. Furthermore, a systematic review found 
low- to moderate-quality evidence for beneficial 
changes in SBP and DBP with the MedDiet for 
primary prevention [46]. The MedDiet likely has 
a favorable effect on reducing BP, but the mecha-
nism of benefit is unclear and more studies are 
needed.

 Effect on Weight Loss/Obesity

The MedDiet may be an effective dietary pattern 
for weight loss in some patient populations. In 
a meta-analysis of 16 RCTs that included 3,436 
participants, Esposito et  al. found that, com-
pared to a control diet (e.g., low-fat, high-car-
bohydrate, or usual care), groups assigned to the 
MedDiet had a significantly reduced body weight 

(−1.75 kg; 95% CI: 0.64, 2.86) and reduced body 
mass index (0.57  kg/m2; 95% CI: 0.21, 0.93). 
Furthermore, larger reductions in body weight 
were seen when the MedDiet intervention groups 
were energy restricted (weighted mean differ-
ence [WMD]—3.88 kg; 95% CI: −6.54, −1.21), 
included counseling to increase physical activ-
ity (WMD −4.01  kg; 95% CI: −5.79, −2.23), 
or had follow-up longer than 6  months (WMD 
−2.69 kg; 95% CI: −3.99, −1.38) [14].

 Metabolic Syndrome

MetS is characterized as a group of interre-
lated risk factors that are metabolic in origin 
and increase the risk of developing T2D and 
ASCVD.  A patient is diagnosed with MetS 
if they have at least three of the following five 
risk factors: increased waist circumference, 
elevated TGs (≥150  mg/dL or drug treatment 
for elevated TGs), reduced HDL-C (<40 mg/dL 
in men and <50 mg/dL in women), elevated BP 
(≥130  mmHg systolic and/or ≥85  mmHg dia-
stolic or antihypertensive drug treatment), and 
elevated fasting glucose (FG; ≥100  mg/dL or 
drug treatment for elevated FG) [1]. In addition 
to the benefit of the MedDiet on the separate risk 
factors of MetS discussed previously, numerous 
studies have shown that the MedDiet is an effec-
tive tool for the primary and secondary preven-
tion of MetS [24, 25, 28].

 Prevention of MetS with MedDiet

Studies support the use of the MedDiet, along 
with other lifestyle modifications, for the preven-
tion of MetS.  Kesse-Guyot et  al. evaluated the 
association of adherence to the MedDiet with 
the risk of MetS in a 6-year prospective study 
that included 3,232 participants and found that 
higher adherence to the MedDiet was associated 
with a lower incidence of MetS [30]. A meta-
analysis of prospective studies and clinical trials 
(35 clinical trials, 2 prospective studies, and 13 
cross- sectional studies) with a total of 534,906 
participants found that adherence to the MedDiet 
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was associated with a reduced risk of MetS (log 
hazard ratio: −0.69; 95% CI: −1.24, −1.16) [28]. 
Results from clinical trials in the meta-analysis 
also revealed the protective role of the MedDiet 
on components of MetS, such as waist circum-
ference (−0.42  cm; 95% CI: −0.82, −0.02), 
HDL-C (1.17  mg/dL; 95% CI: 0.38, 1.96), TG 
(−6.14  mg/dL; 95% CI: −10.35, −1.93), SBP 
(−2.35  mm Hg; 95% CI: −3.51, −1.18), and 
DBP (−1.58  mm Hg; 95% CI: −2.02, −1.13), 
and FG (−3.89 mg/dL; 95% CI: −5.84, −1.95) 
[28]. Recently, the results of a systematic review 
was conducted to examine evidence for impact of 
the MedDiet on cardiodiabesity, a new term that 
describes the interrelationship of obesity, MetS, 
ASCVD, and T2D [22]. The results of the sys-
tematic review indicated that a higher adherence 
to the MedDiet was inversely related to the inci-
dence of MetS in healthy individuals, although 
some studies found no association [22].

 Treatment of MetS with MedDiet

The MedDiet may be used as a treatment modal-
ity for MetS.  In a RCT by Esposito et  al., 180 
patients with MetS were randomized to either 
a MedDiet (n  =  90) or a low-fat control diet 
(n = 90) (50–60% total daily energy [TDE] car-
bohydrate; 15–20% TDE protein; <30% TDE 
fat). At the end of 2 years, only 48% of the par-
ticipants in the MedDiet group continued to have 
features of MetS compared to 95% in the control 
group (P < 0.001), suggesting that the MedDiet 
is a reasonable option to treat MetS. Additionally,  
individuals in the MedDiet group experienced 
a significant reduction in body weight, insulin 
resistance, and inflammatory markers (high sen-
sitivity C-reactive protein [CRP], and interleukin 
6 [IL-6], IL-7, and IL-18) compared to the con-
trol group [13].

A meta-analysis of 29 intervention trials with 
4,133 participants found that the MedDiet had sig-
nificant beneficial effects on five or six metabolic 
risk factors: waist circumference (−0.54  cm; 
95% CI: −0.77, −0.31), TG (−40.7 mg/dL; 95% 
CI: −0.72, −0.21), FG (−9  mg/dL; 95% CI: 

−0.81, −0.20), SBP (−0.72  mmHg; 95% CI: 
−1.03, −0.42), and DBP (−0.94  mmHg; 95% 
CI: −1.45, −0.44). No significant effects on 
HDL-C were found. It is worth noting that the 
significant beneficial effects were found in stud-
ies conducted in Europe (where the MedDiet 
may be followed more closely) and perhaps not 
applicable in other populations. Additionally, the 
beneficial effects were noted in studies of longer 
duration, which may be needed to appreciate the 
benefits of the various nutrients and non-nutrients 
in the MedDiet and reduction in disease. Lastly, 
the beneficial effects were also noted in studies 
that used behavioral change techniques that may 
make dietary change more durable and are often 
predictors of improved outcomes in most dietary 
trials [24].

Although there is inconsistency in the results 
of studies evaluating the impact of the MedDiet 
on individual CV risk factors, such as HDL-C, 
LDL-C, and BP [11] and the effects are likely 
modest at best, there is evidence to suggest 
that higher adherence to the MedDiet results in 
a mortality benefit and decreased incidence of 
CHD.  Although a number of CV risk factors 
are surrogates for CHD, improved health out-
comes associated with the MedDiet are now also 
believed to be due to independent mechanisms, 
such as beneficial effects on inflammation, oxi-
dative stress, and endothelial dysfunction, which 
are some of the key first steps in the pathogen-
esis of atherosclerosis [48, 59]. The effects of the 
MedDiet on various biomarkers and processes 
related to ASCVD are discussed below.

 Section 4: Impact on Biomarkers

The exact mechanisms by which the MedDiet 
exerts its beneficial effects in lowering mortality 
and the incidence of ASCVD are unknown [59]. 
Because the improvements of ASCVD risk fac-
tors achieved with following the MedDiet are 
modest, especially given the impact on health 
outcomes (i.e., decreased CV mortality), other 
metabolic and molecular effects, including effects 
on endothelial function, inflammation, oxidative 
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stress, trimethylamine N-oxide (TMAO) produc-
tion, and genomic stability, may be playing a role 
. The mechanisms are likely multifactorial and 
interrelated with benefit derived from a variety of 
nutrients and non-nutrients.

 Inflammation, Oxidative Stress, 
and Endothelial Dysfunction

Chronic low-grade inflammation is key in the 
pathogenesis of atherosclerosis, the main cause of 
ASCVD. The deleterious impact of inflammation 
is present from the initial to the final phases of 
atheromatous plaque development, rupture, and 
thrombus formation. Inflammation is involved 
in macrophage and T-lymphocyte infiltration, 
lipid deposition, and vascular wall thickening 
in response to the release of chemokines and 
cytokines [50]. Increased expression and activa-
tion of CRP, tumor necrosis factor (TNF)-α, and 
pro-inflammatory cytokines, such as IL-6, at the 
level of endothelial cells have all be identified 
in the pathways that lead to the development of 
atherosclerosis and are independent predictors of 
ASCVD and T2D [3].

Dietary intake has the ability to modify 
inflammatory and oxidative stress pathways 
in the endothelium and, therefore, can impact 
the prevention, pathogenesis, and even regres-
sion of atherosclerosis [43, 49]. The food com-
ponents of the MedDiet appear to favorably 
impact these pathways and potentially provide 
protection. Meanwhile, dietary patterns that are 
high in sugars, refined starches and grains, red 
meat, saturated and trans fats, and low in fiber 
and antioxidants from fruits and vegetables, 
as well as omega-3 fatty acids from fish/sea-
food, are thought to activate the innate immune 
system, which leads to the production of pro- 
inflammatory cytokines [3]. Continuous pro-
duction of inflammatory cytokines leads to a 
chronic low-grade inflammatory state. It has 
been demonstrated that the MedDiet may play a 
beneficial role in improving the main risk factors 
for the development of ASCVD, which may be 
explained by its anti- inflammatory effects.

 Impact on Inflammation

Higher adherence to the MedDiet has been shown 
to effectively reduce CRP, IL-6, and TNF-α. For 
example, in the RCT by Esposito et al. discussed 
previously, patients with MetS randomized to 
the MedDiet were found to have significantly 
reduced high sensitivity CRP, IL-6, IL-7, and 
IL-18 at the end of 2 years, in addition to a 52% 
decrease in the features of MetS whereas the con-
trol group had 5% decrease [13]. The relationship 
between MedDiet and reduction in inflammatory 
markers has been demonstrated by other studies, 
as well. The Nurses’ Health Study, the ATTICA 
Study, and sub-studies from the PREDIMED 
trial showed an independent association between 
greater adherence to a MedDiet and reduction 
in CRP, IL-6, TNF-alpha, intercellular adhe-
sion molecule 1 (ICAM-1), vascular cell adhe-
sion molecule 1, E-selection, fibrinogen, white 
blood cells, and homocysteine levels [4, 16, 23]. 
Furthermore, a meta-analysis including 17 RCTs 
by Schwingshackl et  al. also demonstrated that 
higher adherence to the MedDiet was associ-
ated with a greater reduction in IL-6 and CRP 
compared to the control diet [50]. These studies 
demonstrate that the MedDiet decreases inflam-
mation and adherence to the MedDiet may be 
used as part of a lifestyle strategy to reduce the 
risk of mortality and ASCVD.

 Protection Against Oxidative Stress

Oxidative stress induced by the production of 
excess reactive oxygen species (ROS) plays a 
key role in all stages of the development of ath-
erosclerosis. Essential for vascular homeostasis, 
ROS can lead to a host of problems, such as oxi-
dative modification of lipoproteins, endothelial 
dysfunction and activation, leukocyte migration 
and differentiation, and DNA damage, when 
an imbalance in oxidant-to-anti-oxidant ratios 
occurs [29]. Oxidized LDL in the plasma is a 
prognostic marker for subclinical atherosclerosis 
and can predict acute CHD in healthy patients 
and patients with known CHD [40]. A dietary 
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pattern that is low in antioxidants may increase 
the risk of vascular injury and subsequent devel-
opment of atherosclerotic plaques. Foods abun-
dant in the MedDiet, such as fruits, vegetable, 
legumes, whole grains, nuts, EVOO, and red 
wine, are rich in antioxidant vitamins (vitamins 
E and C, β-carotene), folate, minerals (selenium), 
and polyphenols, and adherence to this dietary 
pattern is associated with improvement in inflam-
matory and oxidant biomarkers [45, 48, 59]. For 
example, in vitro studies have demonstrated that 
polyphenols, compounds found is plant-based 
foods and considered to be antioxidants, scav-
enge and neutralize ROS, protecting against oxi-
dation of LDL, platelet aggregation, and vascular 
inflammation [48].

The specific foods or nutrients that provide 
anti-inflammatory and antioxidant properties 
from the MedDiet are not known, but there is 
likely a synergistic effect of multiple nutri-
ents from a wide variety of diverse foods [59]. 
Avoiding pro-inflammatory foods and nutrients, 
such as refined sugars and starches, trans-fatty 
acids, and following a MedDiet that is rich in anti-
inflammatory nutrients and compounds, such as 
vitamins, minerals, antioxidants, fiber, and poly-
phenols, improves inflammation and reduces the 
inflammatory state. The current evidence sug-
gests that the foods consumed by people adher-
ent to the MedDiet not only reduce ASCVD risk 
factors but also are associated with improved 
endothelial function, decreased inflammatory 
biomarkers, and decreased oxidative stress. The 
MedDiet can be a dietary therapy prescribed to 
individuals for the primary prevention of inflam-
matory diseases and those at risk of and with low-
grade chronic inflammatory diseases [3].

 Protection Against Endothelial 
Dysfunction

Endothelial dysfunction is a key step in the 
pathogenesis of atherosclerosis and is an inde-
pendent risk factor for the development of 
ASCVD [50, 59]. A RCT by Esposito et  al. 
found that a MedDiet improved endothelial 
function in patients with MetS.  As discussed 

previously, 180 patients with MetS were ran-
domized to either a MedDiet or a low-fat control 
diet. Endothelial function was assessed with the 
L-arginine test, because L-arginine is the natural 
precursor of nitric oxide. BP and platelet aggre-
gation response to adenosine diphosphate were 
measured before and after L-arginine injection. 
At the end of 2  years, the participants in the 
MedDiet group had significantly improved endo-
thelial function compared to the control group 
[13]. The ability of a MedDiet to impact endo-
thelial function was also demonstrated in a meta- 
analysis by Schwingshackl et  al. Participants 
that adhered to a MedDiet showed significant 
improvement in endothelial function, as mea-
sured by flow mediated dilatation and ICAM-1; 
however, the authors noted that the results should 
be interpreted conservatively given only two tri-
als reported outcomes on these parameters [50]. 
The meta-analysis by Shannon et al. also found 
a beneficial effect of the MedDiet on endothelial 
function by measurement of flow-mediated dila-
tation in those adherent to a MedDiet [standard-
ized mean difference (SMD): 0.35; 95% CI: 0.17, 
0.53; P < 0.001; I2 = 73.68%] [53].

Lastly, through synergistic effects of the 
reduction in inflammation, oxidative stress, and 
endothelial dysfunction, the MedDiet is thought 
to have anti-platelet properties as well [39, 48]. 
This may be due to the increased consumption of 
foods high in fish oil and polyphenol-rich nutri-
ents, such as EVOO, fruits, vegetables, and wine 
[61].

 Pathways on the Horizon: Impact 
on Gut Microbiome, Nutrigenomics, 
and Genetic Stability

The gut microbiome is heavily influenced by 
alterations in diet, especially by protein and 
insoluble fiber [7]. The MedDiet, with a low con-
sumption of red meat and a high consumption of 
legumes, nuts, fruits, and vegetables, has been 
shown to modulate gut microbiota and influence 
the production of metabolites [8]. People who 
follow a MedDiet pattern typically consume 50% 
less choline and L-carnitine, which are found in 
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red meat, eggs, and cheese, compared to those 
following a typical Western diet, which leads to 
decreased gut microbial production of trimeth-
ylamine N-oxide (TMAO) and fecal short-chain 
fatty acids (SCFAs) [59]. TMAO influences mac-
rophages and foam cells in plaque development 
and is thought to increase the risk of ASCVD 
independent of cardiometabolic risk factors 
although data to suggest definite causation are 
still lacking [55].

Intake of insoluble fiber is almost two times 
higher in the MedDiet compared to the Western 
diet due to the high consumption of legumes, 
fruits, and vegetables [59]. High fiber intake 
influences an alteration in specific gut microbi-
ota that results in an increase in fecal (SCFAs), 
which are thought to be protective against inflam-
matory diseases [56, 59]. A study by De Fillipis 
et al. showed that higher adherence to a MedDiet 
increases the production of SCFAs in the gut 
and lower adherence to the MedDiet resulted in 
higher levels of urinary TMAO [8].

Another exciting area of research includes 
the field of nutrigenomics which examines how 
diet and genes interact. Nutrigenomic studies 
have shown that the MedDiet is able to impact 
gene expression, protecting against the proath-
erogenic gene expression involved in vascular 
inflammation, foam cell formation, and throm-
bosis [34, 38]. It is postulated that the high anti-
oxidant content in the MedDiet is involved in 
the mechanism because antioxidants have been 
shown to modulate gene and protein expres-
sion, which then impacts metabolite production 
[19]. The benefits of the MedDiet on ASCVD 
have been evaluated; however, additional, larger 
studies are still needed to better understand the 
mechanisms of nutritional genomics before 
nutrigenomic-based recommendations may be 
given.

 Section 5: Conclusion

There appear to be multiple benefits of the 
MedDiet, not only for CV health, but also other 
chronic diseases including cancer, diabetes, and 
neurodegenerative disorders [47].

However, determining whether the beneficial 
effects are due to single components of the dietary 
pattern, a combination of the dietary components 
in the MedDiet, or other factors remains challeng-
ing. In fact, some benefit is believed to be from 
the more balanced, active, community- oriented 
lifestyle that often is found in the European pop-
ulations included in the studies examining the 
MedDiet. In addition, the types of animal prod-
ucts and fresh produce consumed in European 
countries may also differ from that of the USA 
and other countries. Aside from the potential ben-
efit of lifestyle, the beneficial effects seen with 
higher adherence to the MedDiet is likely in part 
due to the multiple components of the dietary pat-
tern that have an impact beyond improving CV 
risk factors. Indeed, the degree of ASCVD risk 
factor improvement appears to be modest for the 
benefits conferred on health outcomes. This sug-
gests that other metabolic and molecular effects 
may be more influential, such as those on inflam-
mation, endothelial function, TMAO production, 
and genomic stability [59]. Lastly, the degree to 
which individuals consume specific food com-
ponents of the MedDiet (fruits, vegetables, fish, 
legumes, wine, and animal products) may make 
a substantial difference on the observed health 
benefits as some health benefits appear to be 
more closely linked to the provegetarian options. 
Although future studies may help to better under-
stand the mechanisms of the MedDiet benefits, 
facilitating the implementation of this dietary 
pattern in patients with health  conditions shown 
to be improved with adherence to the MedDiet is 
strongly encouraged at this time.
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 Introduction: Design and Results 
of the DASH Diet

The Dietary Approaches to Stop Hypertension 
(DASH) trial was a multicenter, randomized 
feeding study that tested the effects of dietary 
patterns on blood pressure (BP) [1]. At the time 
of the DASH trial inception, there was inconsis-
tent evidence reflecting the BP effects by modify-
ing single nutrients; however, there was generally 
positive evidence in the vegetarian diets with 
observational studies on diet and BP. Given that 
the DASH trial assessed dietary patterns rather 
than individual nutrients, overall, it tested the 

combined effects of nutrients that occur concur-
rently in food. The DASH trial encompassed a 
7-day menu cycle with 21 meals at four-calorie 
levels (1600, 2100, 2600, and 3100 kcal) devel-
oped for each diet and identical at all centers. The 
study cohort consisted of nearly 50% female, over 
50% black participants who, on average, were in 
their mid-40s with BPs roughly 130/80 mm Hg. 
The hypothesis was that the change in BP would 
differ between the fruits and vegetables and the 
combination compared to control diets.

The DASH diet, sponsored by the National 
Heart, Lung, and Blood Institute (NHLBI), 
incorporated randomized, controlled participants 
who were selected for a feeding intervention 
with DASH foods and closely monitored. For 
3 weeks, participants were fed a control diet that 
was low in fruits, vegetables, and dairy products, 
with a fat content typical of the average diet in 
the USA. Next, they were randomly assigned to 
receive 8 weeks on the control diet, a diet rich in 
fruits and vegetables, or a combination diet rich in 
fruits, vegetables, and low-fat dairy products and 
with reduced saturated and total fat. Throughout 
the trial, sodium intake and body weight were 
maintained at constant levels.

The NHLBI promotes the DASH eating pat-
tern to prevent and control BP without the use 
of pharmacotherapy and is promoted as a healthy 
option for the general population [2–4]. The 
NHLBI’s DASH eating plan encourages foods 
that are low in saturated fat, total fat, cholesterol, 
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and sodium and high in potassium, calcium, 
magnesium, fiber, and protein. This plan was 
originally developed from studies demonstrating 
that the DASH diet lowers BP and low-density 
lipoprotein cholesterol (LDL-C) [5]. The number 
of servings recommended is based upon one’s 
caloric need, and the nutrient goals of the DASH 
eating pattern are as follows:

• Total fat: 27% of calories
• Saturated fat: 6% of calories
• Protein: 18% of calories
• Carbohydrates: 55% of calories
• Cholesterol: 150 mg
• Sodium: 2300 mg
• Potassium: 4700 mg
• Calcium: 1250 mg
• Magnesium: 500 mg
• Fiber: 30 g

 Current Evidence-Based Guideline 
Recommendations: DASH 
and DASH Sodium Eating Patterns

With a focus on the primary prevention of cardio-
vascular disease (CVD), lifestyle modifications 
are the bedrock of appropriate cardiovascular ther-
apy. According to the 2019 American College of 
Cardiology (ACC)/American Heart Association 
(AHA) Multisociety Guidelines on the Primary 
Prevention of Cardiovascular Disease, a healthy 
diet emphasizes the intake of vegetables, fruits, 
legumes, nuts, whole grains, lean vegetable or 
animal protein, and fish and minimizes the intake 
of trans fats, processed meats, refined carbohy-
drates, and sweetened beverages [6]. Adherence 
to these recommendations can be enhanced by 
shared decision-making among the healthcare 

team and patients, with patient engagement in 
selecting interventions based on individual val-
ues, preferences, and associated conditions and 
co-morbidities.

Accordingly, the DASH diet is one of the 
best proven nonpharmacological interventions 
for the prevention and treatment of hypertension 
(HTN) with an overall 11  mm Hg reduction in 
systolic BP (SBP) in hypertensives and a 3 mm 
Hg reduction in SBP in normotensives following 
the DASH dietary intervention [6]. Furthermore, 
with the 2017 ACC/AHA Multisociety Guideline 
for the Prevention, Detection, Evaluation, and 
Management of High Blood Pressure [7], the 
DASH eating plan demonstrated effectiveness 
in BP lowering. Additionally, interventions to 
reduce sodium also demonstrate lower BP in 
those with hypertension, specifically those with 
elevated levels of BP, African Americans, older 
persons, and those who are salt sensitive [7] 
(Table  4.1), and thus may have a synergistic 
impact with DASH eating plans.

Recommendations from the 2017 ACC/AHA 
Multisociety High BP Guideline described the 
DASH diet as an exemplary diet that facilitates 
achieving a desirable weight as well as sodium 
reduction, which is recommended for adults 
with hypertension. Moreover, dietary modifica-
tion to incorporate an increase in potassium is 
recommended as well. Nevertheless, potassium 
supplementation is contraindicated if in the pres-
ence of chronic kidney disease (CKD) or the use 
of medications that limit potassium excretion 
[7]. Studies demonstrate that dietary behavior is 
an important lifestyle factor impacting the risk 
of HTN development [8]. Individuals living in 
acculturated societies, given free access to salt, 
invariably consume between 100 and 200 mmol 
of sodium daily [9]. Several meta-analyses indi-

Table 4.1 Summary of benefits of using the DASH diet

Diet Includes Restricts Health benefits
Special 
considerations

Dietary 
approaches to 
stop 
hypertension

52–55% carbohydrates, 
16–18% proteins, and 30% 
total fats; rich in fruits, 
vegetables, whole grains, and 
low-fat dairy products

Limits saturated fats, 
cholesterol, refined grains, 
and sugars; suggested 
sodium intake is less than 
2400 mg per day

Decreased CVD 
risk factors, blood 
pressure, obesity, 
and type 2 diabetes

African 
Americans
CKD
Diabetes
Children

K. C. Ferdinand et al.



63

cate that among hypertensive and older subjects, 
a 3–5 mm Hg systolic and approximately 1 mm 
Hg diastolic change in pressure is associated with 
a 75–100 mmol/24 h difference in sodium intake. 
The effect on younger and normotensive subjects 
is less with approximately 2–3 mm Hg for sys-
tolic and <1 mm Hg for diastolic [9].

Recently, Welsh and colleagues conducted 
a 7-year prospective cohort study on 457,484 
United Kingdom Biobank participants (mean 
age, 56.3  years; 44.7% men) without CVD to 
determine if urinary sodium excretion affects 
mortality or CVD development [10]. Participants 
were assessed in quintiles of mean arterial BP 
and urinary sodium excretion; however, no asso-
ciation was found between urinary sodium (high 
or low) and risk of developing CVD, including 
heart failure. Thus, although urinary sodium 
excretion correlated with elevated BP in partici-
pants at low cardiovascular risk, there was no pat-
tern of increased CVD, heart failure, or mortality 
risk demonstrated.

Data have suggested, a long period of expo-
sure to increased sodium intake may be required 
for BP manifestations to be apparent, with the 
age of the population studied influencing these 
observations as well [11, 12]. Over a period of 
time, both sodium and chloride in salt lead to 
extracellular volume expansion, which eventu-
ally causes BP to rise. Thus, information from 
more dramatic manipulations of sodium balance 
in an older cohort may provide greater insight 
into the relationship between BP and salt.

 Effectiveness of the DASH Sodium 
Approach: Low Sodium, High 
Potassium

Although the original DASH diet was not low 
in sodium at 2400  mg of sodium per day, BP 
was effectively lowered. Therefore, the DASH- 
Sodium trial, supported by the NHLBI, was con-
ducted to understand the effect of BP on sodium 
restriction and included 412 subjects who were 
randomized to a control diet (typical American 
diet) or the DASH diet [13]. Within each group, 
subjects were then assigned to three diets: a high- 

sodium diet (3.5 g/day), a moderate-sodium diet 
(2.3  g/day), or a low-sodium diet (1.2  g/day), 
each for 30 days.

The results of the DASH-Sodium study [13] 
demonstrated that reducing daily sodium low-
ered BP for participants on either diet. However, 
the DASH diet lowered BP more than the typi-
cal American diet at all three daily sodium levels. 
Finally, by reducing sodium intake and following 
the DASH diet, a greater BP-lowering effect was 
observed than following the DASH diet alone 
or sodium reduction alone. Finally, a follow-up 
study demonstrated that combining the DASH 
diet with sodium reduction benefited those with 
a higher than normal BP and those who started 
out with the highest BP readings experienced the 
greatest benefits [14].

In additional to sodium intake, dietary potas-
sium is also important and inversely related 
to BP.  Diets rich in fruits and vegetables are 
associated with lower BP, 2–5  mm Hg, espe-
cially in those patients consuming an excess 
of sodium and in African Americans [15]. 
Increased intake of potassium is associated with 
decreased BP independent of sodium intake [16]. 
Moreover,  increased consumption of potassium 
can mitigate the negative effects of high sodium 
consumption on BP and is more effective in the 
setting of higher salt intake. Thus, the dietary 
sodium–potassium ratio is a major determinant 
of BP.  There are several methods to replace 
sodium, and potassium chloride is often used as 
the key ingredient in salt substitutes as it is simi-
lar to sodium chloride in terms of its physical and 
functional properties [17]. According to a meta- 
analysis by the Evidence-based Practice Centers, 
data demonstrate that potassium-enriched salt 
substitutes lower systolic and diastolic BP (DBP) 
(average net Δ [95% CI] in mm Hg: −5.58 
[−7.08 to −4.09] and −2.88 [−3.93 to −1.83], 
respectively) [18]. On the other hand, more data 
are needed to assess the effects of potassium- 
enriched salt on serum potassium levels and the 
occurrence of hyperkalemia, especially in those 
with CDK.  Accordingly, Greer and colleagues 
reviewed the use of potassium-enriched salt 
substitutes and evidence on their potential ben-
efits and risks. Although replacing potassium-
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enriched salt substitutes lowers BP, the safety 
and acceptance were with ≤30% of potassium 
chloride [19]. To reduce salt intake, empirical 
data support salt substitutes, such as potassium-
enriched, as a potential alternative to managing 
HTN while maintaining taste [19]; however, 
empirical research is necessary to evaluate the 
effect on serum potassium levels and to esti-
mate the population- wide impact of potassium-
enriched salt substitutes.

 DASH Diet Impact in Special 
Populations: Blacks/African 
Americans, Persons with Diabetes 
and CKD, Youth

Despite a clear epidemiological and clinical rela-
tionship between salt intake and HTN, the BP 
response to changes in dietary salt is heteroge-
neous among individuals. For example, baseline 
BP levels in the DASH sodium diet were similar 
for blacks and whites, and average SBP/DBP was 
135.3/86.1 and 134.1/85.1 mm Hg, respectively; 
however, those participants on the lower (vs. 
higher) sodium intake decreased SBP by 8.0 mm 
Hg (95% CI 6.5–9.4 mm Hg) in blacks and by 5.1 
mm Hg (3.4–6.7) in whites (P < 0.01). Moreover, 
for those on the DASH- sodium diet, lower (vs. 
higher) sodium intake decreased SBP by 3.6 mm 
Hg (95% CI 2.2–5.1) in blacks and by 2.2 mm Hg 
(0.5–3.8) in whites [20, 21].

In 2003, it was projected that if the US popu-
lation successfully adopted the DASH diet and 
experienced the DASH trial effect of lower SBP 
by 5.5 mm Hg, then 668,000 coronary heart dis-
ease events could be prevented over a decade 
[22]. Accordingly, Thomas and colleagues 
recently utilized the CARDIA (Coronary Artery 
Risk Development in Young Adults) data to 
determine the cumulative incidence of HTN and 
to identify risk factors associated with a greater 
HTN risk in blacks and whites aged 18–30 years 
who were followed until 55  years of age [23]. 
To investigate lifestyle and other factors that 
influence, favorably or unfavorably, the evolu-
tion of coronary heart disease risk factors during 
young adulthood, the CARDIA study comprised 

5115 African American and Caucasian men and 
women 18–30 years of age across urban areas in 
the USA in 1985 [24]. Thomas and colleagues 
determined that a higher DASH diet adherence 
score was associated with a lower risk for HTN 
in both African Americans and Caucasians, and 
within each SBP/DBP category. The results sup-
port the importance of focusing on modifiable 
risk factors, including adherence to a DASH diet 
at an early age, for the prevention of hyperten-
sion, regardless of race.

The American Diabetes Association (ADA) 
Standards of Medical Care in Diabetes—2020 
highlights the need for lifestyle Intervention rec-
ommendations. Recommendations for patients 
with BP more than 120/80 mm Hg include life-
style intervention consisting of weight loss if 
overweight or obese, a DASH-style eating pat-
tern including reduced sodium and increased 
potassium intake, moderation of alcohol intake, 
and increased physical activity [25]. Thus, the 
ADA also promotes the use of a variety of eating 
patterns to help with the management of diabe-
tes, given that the DASH trials support a nutri-
tious, balanced, and sustainable eating plan that 
can improve HTN which is often prevalent in 
diabetes.

Given that the protective role of DASH dietary 
patterns in the development of CKD, as mea-
sured by estimated glomerular filtration rate, is 
not consistent in the literature, Mozaffari and 
colleagues completed a systematic review and 
meta-analysis of observational studies [26]. In 
their review, a significant inverse association 
was observed between DASH dietary pattern and 
CKD risk. The combined risk estimates for two 
cross- sectional and four prospective cohort stud-
ies demonstrated an inverse association between 
DASH dietary patterns and risk of CKD (pooled 
risk estimate: 0.77, 95% CI 0.63–0.94; P = 0.01) 
[26]. Thus, adherence to DASH dietary patterns 
may have beneficial effects against CKD devel-
opment and progression.

There are complex interactions among life-
style factors and genetic markers which play 
important roles in determining an individual’s 
risk of HTN.  Zafarmand evaluated the interac-
tion between dietary patterns and genetic mark-

K. C. Ferdinand et al.



65

ers in relation to children’s BP.  Based upon a 
population- based cohort study of 1068 Dutch 
children, aged 5–7, they analyzed the association 
between a DASH-type diet, genetic variants, and 
their interaction on BP [27]. They showed that 
adherence to the DASH-type diet, as well as a 
low genetic risk profile for BP, is associated with 
lower BP in children, thus portraying evidence of 
a gene–diet interaction on BP in children.

 Beneficial Cardiometabolic Effects 
of DASH Eating Plans: Glucose, 
Lipids, Obesity

Evidence from randomized controlled trials 
(RCTs) and prospective cohort studies in the US 
populations established DASH diet’s benefits on 
BP, plasma glucose, lipid profiles as well as the 
risk of and CVD mortality [28–31]. According 
to a recent analysis of systematic reviews and 
meta- analyses, Chiavaroli and colleagues con-
firmed that the DASH dietary pattern had CVD 
benefit which was reflected by reductions in BP, 
HbA1c, and LDL-C in those with and without 
diabetes [32].

The overall prevalence of CVD (comprising 
coronary heart disease [CHD], congestive heart 
failure [CHF], cerebrovascular accident [CVA], 
and HTN) in adults ≥20 years of age is 48.0% 
overall and increases with advancing age [33]. 
Importantly, CHD (42.6%) is the leading cause 
of deaths attributable to CVD in the USA, fol-
lowed by CVA (17%), HTN (10.5%), CHF 
(9.4%), diseases of the arteries (2.9%), and other 
CVDs (17.6%), all of which boast high choles-
terol as a significant risk factor [34]. Given that 
28.5 million adults ≥20 years of age have serum 
total cholesterol levels ≥240 mg/dL, with a prev-
alence of 11.9% [33], the impact of sustained and 
population- level reduction in cholesterol levels 
on cardiovascular co-morbidities and mortality 
could be profound.

According to the 2018 ACC/AHA 
Multisociety Guideline on the Management of 
Blood Cholesterol, lifestyle counseling is recom-
mended as part of the treatment utilizing prin-
ciples of plant-based diets such as DASH and 

Mediterranean diets. Moreover, a personalized 
approach with more detailed risk assessments 
and new cholesterol-lowering medication options 
are presented for people at the highest CVD risk 
[35]. In addition to traditional risk factors such as 
smoking, HTN, and diabetes, the guideline now 
includes additional CVD risk enhancers such 
as family history and race/ethnicity, as well as 
specific co-morbidities such as metabolic syn-
drome, CKD, chronic inflammatory conditions, 
female-specific conditions including premature 
menopause, premature labor, gestational hyper-
tension, diabetes or pre-eclampsia, and high 
lipid biomarkers, to help clinicians better deter-
mine individualized risk and treatment options. 
Recognizing the cumulative effect of LDL-C 
over the full lifespan, the guideline also suggests 
elective cholesterol screening for children along 
with the aggressive diagnosis and management of 
familial hypercholesterolemia in children, ado-
lescents, and young adults. Accordingly, 21% of 
youths 6–19 years of age have at least one abnor-
mal cholesterol measure [33].

Obesity is a potent risk factor for multiple 
co- morbidities including diabetes, CVD, and 
hyperlipidemia and the rates among adults have 
been steadily rising since the 1980s. Among 
adults aged 20 years and older, obesity is defined 
as a body mass index (BMI) of 30 or more and 
severe obesity is defined as a BMI of 40 or 
more. Obesity rates in the USA have been con-
sistently rising, age-standardized prevalence 
of obesity among adults increased from 33.7% 
(95% CI 31.5–36.1%) in 2007–2008 to 39.6% 
(95% CI 36.1–43.1%) in 2015–2016 (P = 0.001) 
[36]. Additionally, severe obesity in adults has 
increased with age-standardized prevalence 
increasing from 5.7% (95% CI 4.9–6.7%) in 
2007–2008 to 7.7% (95% CI 6.6–8.9%) in 2015–
2016 (P = 0.001). According to the Centers for 
Disease Control [37], every state in the USA had 
more than 20% of adults with obesity.

Although overweight status and obesity con-
tribute significantly to HTN risk in all racial/eth-
nic populations, many racial and ethnic minorities 
manifest obesity disproportionately with marked 
ethnic and age-based differences in the rates of 
weight accumulation. Relative to white women, 
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the onset of obesity occurred sooner for black 
and Hispanic women. After 28  years of age, 
black men develop obesity more rapidly than 
white men [38]. Anthropometric measures, such 
as obesity, especially in women, can also influ-
ence biologic systems involved in BP regulation 
and the expression of pressure-related target-
organ damage (i.e., chronic renal injury).

 Practical and Novel Approaches 
to Implementation of the DASH 
Diet: Current Perspectives 
and Future Directions

 Comparing BP Reduction Over Time: 
Sodium Reduction and DASH Diet

In an RCT of 412 pre- or stage 1 hypertensive 
participants (not currently on any antihyperten-
sive medications and without any prior CVD), 
a combination of a low sodium diet with the 
DASH diet significantly lowered SBP, especially 
in those with higher baseline systolic readings 
[14]. In this study, the mean age was 48  years 
with 57% women and 57% African American, 
and the mean SBP/DBP was 135/86  mm Hg. 
With either the DASH or a control diet, partici-
pants were exposed to three sodium levels (50, 
100, and 150 mmol/day at 2100 kcal) in random 
order over 4  weeks separated by 5-day breaks. 
While the effects of the DASH diet occurred 
within 1  week, sodium reduction continued to 
lower BP up through 4 weeks of initiation. The 
combination of the low sodium-DASH diet ver-
sus the high sodium-control diet on SBP were 
−5.3, −7.5, −9.7, and −20.8 mm Hg (P < 0.001), 
respectively.

Impressively, a participant with a baseline 
SBP of 150 mm Hg or greater who consumed 
a low-sodium plus DASH diet had an average 
reduction of 21 mm Hg in SBP compared to the 
high-sodium control diet. The novel approach 
here to examining the combination of two diets 
in adults with early or modest forms of hyper-
tension provides evidence that dietary inter-
ventions are as, or even more effective, than 
antihypertensive agents in those at greatest risk 

for hypertension, and should be incorporated as 
a routine first-line treatment option. In Journal 
of the American College of Cardiology health 
promotion series, Carey and colleagues state 
that the combination of low-sodium intake and 
the DASH diet provides substantially greater BP 
reduction than sodium restriction or the DASH 
diet alone [39]. Thus, in adults with elevated BP, 
the DASH diet and sodium reduction are con-
comitantly recommended, especially to those at 
the greatest risk.

One potential reason the DASH diet has 
not been adopted generally is due to the finan-
cial constraint of maintaining a high-quality 
diet. There is evidence reflecting the DASH-
accordant diets were generally more costly; 
however, ethnic eating patterns may be the key 
to making healthy diets economically feasible 
for all [40]. Recently, longitudinal data from 
1466 adult urban participants from Healthy 
Aging in Neighborhoods of Diversity Across 
the Life Span (HANDLS) study were analyzed 
for the association between the monetary value 
of the diet (MVD) and the overall dietary qual-
ity across sex, race, and income groups [41]. 
Beydoun and colleagues demonstrated a posi-
tive overall association between the rate of 
change in MVD and indices of dietary quality, 
and whites had a better diet quality compared 
with African Americans [41]. In a follow- up 
study, Beydoun and colleagues examined the 
overall association between cumulative expo-
sure to MVD and DASH diet scores over 5 years 
and rates of change and follow-up allostatic load 
(AL) using the HANDLS study [42]. The AL 
is considered a more precise alternative to the 
term stress. Overall by using the structural equa-
tion modeling, the study demonstrated an inde-
pendent pathway linking MVD to AL through 
DASH. Therefore, the energy-adjusted increase 
in MVD may have a significant impact on the 
DASH diet score, which could reduce the AL.

Given how scalable the DASH diet is and the 
considerable impact that it could make on the 
general population, research must integrate how 
best to deliver the DASH diet while incorporating 
diverse dietary regimens and digital health tools 
for the full dissemination and implementation.
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 Novel Use of App-Based Approaches: 
WHEELS for DASH

Health apps are widely used on smart phone 
devices by the US adult populations (58%) 
with 66% using these apps at least once a day 
to track their diet and physical activity [43]. 
Although health apps have been helpful to 
engage the public with monitoring health activi-
ties, most of these health apps do not focus on 
managing chronic conditions such as hyperten-
sion. Novel approaches to health interventions 
can offer alternative methods to garner patient 
adherence to treatment regimens. The WHEELS 
for DASH mobile app research study was con-
ducted to examine adherence to the DASH diet 
program and to also determine patient user sat-
isfaction or enjoyment with the app [44]. There 
were 72 participants recruited from an outpa-
tient registry (19–73  years, 78% female, 18% 
African American, 33% diagnosis of hyperten-
sion). Although 66 participants completed the 
study, all users who tracked their dietary adher-
ence demonstrated improvement in their adher-
ence to the DASH diet during 1–6  weeks and 
1–8 weeks (P ≤  0.001 and P ≤  0.05). The app 
had excellent reliability estimates (Intraclass cor-
relation coefficient (ICC) [2.66] = 0.85; 95% CI 
0.66–0.97, P < 0.001) and good user satisfaction 
(75%) with a very useful or useful rating.

The app’s core feature is the cognitive behav-
ioral intervention (CBI) program which captures 
assessment data based on the “DASH Eating 
Plan” as users respond to morning and evening 
tailored text messages. Conceptual components 
of self-regulation theory provided the framework 
for this behavioral intervention, which was tested 
in a previous study testing tailored messages to 
increase the adherence to the DASH diet [45]. 
In the WHEELS app study, patient users were 
allowed to manage and regulate their own behav-
ior, which guided their decision making to achieve 
the goal of adhering to the DASH dietary plan. 
User responses were threefold in accordance with 
goal attainment, (1) adhering to one DASH food 
group; (2) current attitude, behavior, and skill 
associated with the DASH diet; and (3) reading 
DASH messages to increase knowledge, attitude, 

and reinforcement. Although there are a number 
of DASH mobile apps available to patients, the 
WHEELS for DASH mobile app is the only app 
derived from a behavioral theoretical framework 
researched on outpatients with HTN allowing 
users to evaluate their eating behavior, app util-
ity, and BP improvement in less than 8 min per 
day. This app provided an alternative approach to 
improve the adherence to the DASH diet.

According to study researchers, the WHEELS 
app is a potential value-added resource that can 
be integrated into existing treatment regimens for 
patients with hypertension.

There are concerns to be considered with how 
these health apps are evaluated and chosen for 
intervention use [46], with third-party develop-
ment companies focused on commercial benefits 
and lacking expert content [45]. Due to this, there 
is a need to develop criteria for evaluating health 
apps such as involving health professional input, 
assessing educational content and quality, ease 
of use, and behavior change [47]. The standards 
for evaluation of the WHEELS DASH app were 
evidence- based, and evaluated by content experts 
such as the University of Michigan registered 
dietitians, the ADA, the ADA Evidence Analysis 
Library, the Cochrane Systematic Review of Best 
Dietary Intervention, and Science Direct [48]. 
The benefit in such performance measures has 
a potential expectancy in hypertension manage-
ment and control.

 Relationship of Diet, Social 
Determinants of Health, and Genetics 
(Fig. 4.1)

Although hypertension is a consequence of a 
combination of environmental and genetic risk 
factors, social determinants of health (SDOH) are 
also common risk factors which require acknowl-
edgment [49]. Specifically, SDOH is broadly 
defined as the circumstances in which people 
are born, grow up, live, work, and age that may 
affect health [33]. The social factors that affect 
different behaviors, risk factors, and conditions 
are so important that information on SDOH was 
included and highlighted in all chapters with a 
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subsection in the Heart Disease and Stroke 2020 
Statistical Update [33]. Examples include low 
income, unemployment, discrimination, unsafe 
neighborhoods, substandard education, among 
others.

In the USA, a strong association exists 
between SDOH and hypertension, especially in 
under-represented minority populations such as 
blacks and Hispanics [50]. A common example 
has to do less with where we are born, but more 
so with where we are raised. Research has shown 
that neighborhood characteristics may affect 
hypertension prevalence. Individuals residing in 
the most economically deprived neighborhoods 
have greater odds of having hypertension [51]. 
An association also exists between residences in 
certain geographic areas, such as the Southeastern 
USA. This may be due to the higher abundance 
of the classic Southern diet in these locations.

 Adverse Effects of the Southern 
Dietary Eating Pattern

The classic Southern diet, composed of high 
amounts of saturated fat, cholesterol, sugar, 

fried foods, is considered a major contributor 
to the high prevalence of hypertension in the 
African American population. The Reasons for 
Geographic and Racial Differences in Stroke 
(REGARDS) trial researched this phenomenon 
attempting to explain the association between 
the traditional Southern diet and influence on BP 
and HTN [52]. Researchers conducted a prospec-
tive study examining a cohort of black and white 
adults selected from the original REGARDS lon-
gitudinal study. Approximately 6897 men and 
women with a mean age of 62 years participated 
in the research study (26% black; 55% women). 
Forty-six percent of black participants and 33% 
of white participants developed HTN. The black 
male participants had a high Southern diet score 
of 0.81 adjusted mean (95% CI 0.72–0.90) ver-
sus white males, −0.26 (95% CI −0.31 to −0.21), 
black women 0.27 (95% CI 0.20–0.33), and 
white women −0.57 (95% CI −0.61 to −0.54). 
There was a statistically significant association 
with the incidence of HTN and the Southern diet 
in black men (odds ratio 1.16 per 1 SD [95% 
CI 1.06–1.27]). Among all of the 12 mediating 
factors analyzed in this study, the Southern diet 
was the most significant factor for incident HTN 
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attributing to excess risk in black men versus 
black women, and white men and women. Also, 
black men demonstrated a higher dietary ratio 
of sodium to potassium accounting for 12.3% of 
the excess hypertension incidence. Black women 
although expressed a much lower Southern diet 
score (0.27 [95% CI 0.20–0.33]) than black men, 
they had a high dietary sodium to potassium ratio 
of 6.8%, higher BMI mediated an 18.3% excess 
risk of incident hypertension, larger waist cir-
cumference, 15.2%; with poor adherence to the 
DASH diet 11.2%.

The Southern diet in the REGARDS study 
included high consumption of processed meats 
which are already high in sodium, fried foods, 
organ meats, high fat dairy, sugary drinks, and 
refined bread products. Although Southern diet 
is rooted in the culture and tradition of African 
American history, it predisposes this population 
to not only HTN but also to CVD [53] as com-
pared to whites. The DASH eating plan which 
is high in potassium, fresh fruits and vegetables, 
whole grains, low fat dairy, and low in sodium 
becomes the likely choice for blacks.

 The Oldways African Heritage Diet

Oldways is a nonprofit organization in 1990 
Massachusetts invested in improving the public 
health of individuals and organizations promot-
ing the “old way,” or diets historically eaten in 
various ethnic groups or the healthy aspects of 
these diets (https://oldwayspt.org/programs). The 
focus is more on bringing back the joy of eating 
healthy versus adopting a so-called diet to sup-
port health to reduce the development of chronic 
disease associated with the typical American diet. 
The dietary program includes the Mediterranean, 
Latin American, African Heritage, Vegetarian/
Vegan and Asian styles of ethnic food consump-
tion which use the concept of traditional foods 
as means of a healthier approach to eating. The 
Oldways site is based on the concept that foods 
eaten by ancestral relatives were abundant in 
fruits, vegetables, whole grains, nuts, seeds, with 
a healthy balance of seafood, yogurt, and cheese 
and meat with the addition of healthy oils and 

spices; devoid of highly processed meats, salt, 
and fat. Grounded in African, African American, 
Caribbean, and South American recipes, the diet 
incorporates traditional spices, ingredients and 
cooking techniques where they can eat healthy 
without giving up their traditional foods familiar 
to family history. The Oldways African Heritage 
Diet provides another alternative approach to 
nutritional interventions used by clinicians as a 
primary prevention effort to reduce chronic dis-
eases in African American communities [54]. 
The benefit of traditional diets in some ethnic 
populations demonstrated positive effects on 
risk factors associated with diabetes. A random-
ized crossover feeding trial with first and sec-
ond generation healthy Mexican women (n = 
53) descent was conducted looking at metabolic 
responses when comparing a traditional Mexican 
diet to the US diet [55]. It was found the Mexican 
diet improved insulin sensitivity, reduced insu-
lin by 14%(P = 0.02) and IGFBP-3 by 6% (P = 
0.006). These studies demonstrate that clinicians, 
dieticians, and healthcare professionals need to 
consider patient traditional values, culture, and 
social norms when planning dietary interventions 
for the treatment of hypertension.

 Translating DASH Eating Patterns 
Research into Real-World Settings

In summary, to translate the DASH trial results 
and develop effective strategies for increas-
ing uptake of and adherence to the DASH diet 
among individuals in community-based settings, 
more research is needed. Although the NHLBI 
has developed simplified websites and pamphlets 
of the DASH diet for the public, application and 
uptake must be addressed. One method is on the 
feasibility of applying the DASH diet by com-
paring the process of preparing at-home meals as 
opposed to proceeding to a clinic daily to obtain 
prepared meals in a randomized-controlled fash-
ion. Notably, food-related knowledge and skills 
differ among populations which may affect their 
ability to adopt healthy diets. However, evidence 
has demonstrated that preparing foods from 
scratch is associated with more adequate dietary 
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intakes and greater food security especially 
among low-income populations [56].

Moreover, increased food preparation instruc-
tion, including cooking and meal-planning skills 
are positively associated with fruit and vegetable 
intake and negatively with BMI [57]. On the 
other hand, there is also substantial evidence that 
lower-income and/or minority areas have less 
access to healthier foods close-by, with a lower 
likelihood of supermarkets and more likelihood 
for fast food restaurants [58]. One example of an 
effective approach is the Association of Black 
Cardiologists, Inc., an organization that offers 
simple and tasty, heart-healthy plant-based reci-
pes in their “Cooking for Your Heart and Soul 
Cookbook” [59] providing patients with addi-
tional sources to create plant-based meals as 
components of the DASH diet. Additionally, 
the NHLBI has educational resources to inform 
patients on the DASH eating plan to not only 
help control BP but also learn more about other 
aspects to a heart-healthy lifestyle. Educational 
interventions, culturally tailored and literacy 
appropriate, are instrumental to effecting positive 
change in health behavior and to hypertension 
treatment, control, and management. Without 
these readily available resources, compliance on 
the DASH diet will be difficult, however, with the 
proper meal-planning skills and food truck inter-
ventions, there is the potential of obtaining the 
necessary food resources in a coordinated effort 
to maximize DASH interventions on a commu-
nity level.
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The Impact of Carbohydrate 
Restriction and Nutritional Ketosis 
on Cardiovascular Health

Dylan Lowe, Kevin C. Corbit, and Ethan J. Weiss

 Introduction

 Defining Cardiovascular Risk 
and Nutritional Ketosis

For the purposes of this chapter, we will high-
light the effects of low-carbohydrate, high-fat 
(LCHF) diets on the following cardiovascular 
(CV) disease risk factors: obesity [1], hyperten-
sion [2], glycemia [3], cholesterol [4], insulin 
resistance [5], and non-alcoholic fatty liver dis-
ease [6]. We will focus specifically on cardio-
metabolic risks given the findings of the Global 
Burden of Diseases, Injuries, and Risk Factors 
Study 2016 [7].

The most recent USDA nutritional guidelines 
recommend that 45–65% of caloric intake derive 
from carbohydrates, which translates to ~225–
325  g per day (standardized to a 2000 calories 
per diem diet). Thus, we define low- carbohydrate 
(LC) diets as those <200  g per day. We will 
distinguish LC diets from overtly ketogenic 
diets (KD), where possible, by studies report-
ing ketonemia (here, defined at total ketones or 
beta-hydroxybutyrate levels in serum, plasma, 
or whole blood) instead of dietary composition 
per se. While there is no clinical definition of 

what constitutes nutritional ketosis, a sustained 
level of venous blood total ketones of more than 
0.5 mM in the prandial state is a common stan-
dard [8]. However, we feel a more precise defi-
nition should be arrived at through appropriate 
clinical trials, possibly applying different levels 
of ketosis to varying outcomes (e.g., weight loss, 
insulin, and glucose homeostasis, low-density 
lipoprotein cholesterol [LDL-C]). Further, defin-
ing the composition of the high-fat component of 
low-carbohydrate diets is of importance given the 
potential association of saturated fat intake with 
adverse CV outcomes [9].

 Ketogenesis and Ketolysis

The ketone bodies (KB) acetoacetate, beta- 
hydroxybutyrate (BOHB), and acetone are gener-
ated predominently in the liver from acetyl-CoA, 
utilizing ketogenic amino acids or fatty acids (FA) 
as substrates. Catabolism of ketogenic amino acids 
accounts for only ~4% of KB formation, meaning 
FA are the dominant ketogenic substrate [10]. FA 
acyl chains are transported across mitochondrial 
membranes by carnitine palmitoyltransferase 1 
and 2 (CPT1 and CPT2) to undergo beta-oxidation, 
resulting in acetyl- CoA formation and condensa-
tion by thiolase to acetoacetyl-CoA (AcAc-CoA). 
Mitochondrial 3- hydroxymethylglutaryl- CoA 
synthase (HMGCS2) subsequently drives the 
 condensation of AcAc-CoA with acetyl-CoA to 
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generate HMG-CoA, the fate-committing step of 
ketogenesis. HMG-CoA is cleaved by HMG-CoA 
lysase (HMGCL) to generate acetyl-CoA and the 
KB acetoacetate, which can be further revers-
ibly reduced to BOHB by BOHB dehydrogenase 
(BDH1). Acetoacetate can further spontaneously 
decarboxylate to acetone, which can be detected 
in breath in extreme cases such as ketoacidosis 
(i.e., serum ketones >5 mM with hyperglycemia 
>250 mg/dL and arterial blood pH <7.3). KBs are 
finally exported from hepatocytes into the circula-
tion via the MCT1 and MCT2 transporters.

KB are avidly taken up from blood into periph-
eral tissues by monocarboxylate transporter- 
mediated activity and mitochondrially oxidized. 
Acetoacetate is converted to AcAc-CoA by 
succinyl-CoA-dependent transferase (succinyl- 
CoA:3-ketoacid-CoA transferase, SCOT), the 
key reaction permitting utilization of KB as fuel. 
AcAc-CoA is cleaved by ACAT1 to produce two 
molecules of acetyl-CoA, which are then oxi-
dized in the TCA cycle and respiratory chain for 
ATP synthesis.

 The Physiological Uses of Ketones

KB are produced during times of fasting and 
starvation, when relative hypoglycemia persists. 
Further, lack of nutrient intake suppresses insu-
lin secretion, promoting adipocyte lipolysis and 
consequently FA (i.e., ketogenic substrate) lib-
eration and release. KB are also used as alter-
native fuel sources during the neo-natal period, 
post- exercise, pregnancy, and during LCHF 
diets (nutritional ketosis). In addition to energy 
substrates, KB act as signaling molecules, 
inhibiting histone deacetylases, suppressing 
sympathetic tone, and reducing metabolic rate 
[11]. Interestingly, KB inhibit adipocyte lipoly-
sis, and hence their own ketogenic substrates, 
possibly as a negative feedback loop to prevent 
ketoacidosis [12].

 The Rationale for and Against Low 
Carbohydrate-Based Nutrition

High intake of carbohydrates has been associated 
with CV risk factors including hyperinsulinemia, 
hyperglycemia, and hypertriglyceridemia. Diets 
high in fat, especially saturated fats, have also 
been associated with increased mortality and CV 
events [13]. Many rationales have been proposed 
to support both LC and low-fat (especially satu-
rated fat)-based diets and here we highlight two.

Carbohydrate-Insulin Model (CIM) This model 
posits that high carbohydrate intake induces post-
prandial hyperinsulinemia and a sequalae of events 
leading to adiposity and obesity. Further, the car-
bohydrate-insulin model (CIM) suggests that car-
bohydrate restriction (and replacement with fat) 
leads to decreased insulin levels in the fasting and 
fed state and thus a decrease in lipogenesis leading 
to weight loss and primarily fat loss. Comprehensive 
clinical reviews supporting [14] and falsifying 
[15] the CIM have been published, leading to 
equivocal conclusions. In contrast, the uniformly 
positive association of hyperinsulinemia—dietary 
[16], pharmacological [17], and genetic [18]—
with CV disease risk is less confounding (dis-
cussed below). However, it is challenging to 
dissociate the effects of insulin from glycemia on 
ultimate CV outcomes.

Diet-Heart Hypothesis Proposed by Dr. Ancel 
Keys in the 1950s, this hypothesis links dietary 
saturated fat with hypercholesterolemia and inci-
dence of CV disease. It follows from this, then, 
that reducing saturated fat intake attenuates blood 
cholesterol levels and, thereby, the risk of CV 
disease. Many randomized controlled trial (RCT) 
support the hypothesis and the American Heart 
Association (AHA) recommends lowering 
dietary saturated fat [13]. However, as with the 
CIM, the validity of the diet-heart hypothesis has 
been called into question [19, 20]. Much of the 
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debate centers on the effect of replacing dietary 
saturated with polyunsaturated fats in regards to 
CV outcomes and mortality. Meta-analyses have 
supported both sides of the debate, highlighting 
the challenges around proper design, and inter-
pretation of human interventional dietary studies 
(discussed in detail below).

Collectively, it is currently not possible to 
definitely associate high fat-based KD regimens 
with CV disease risk. There is consensus, how-
ever, that calorie-for-calorie replacement of satu-
rated fat with unspecified carbohydrate does not 
result in reduced CV disease events, for example, 
[13]. Thus, a potential unifying approach would 
be a low carbohydrate (LC), moderate protein 
diet enriched in unsaturated fats, and following 
current AHA guidelines to not exceed 5–6% of 
daily calories derived from saturated fats.

 Ketonemia: Nutritional Ketosis 
Versus Diabetic Ketoacidosis (DKA)

Hyperketonemia is associated with pathological 
diabetic ketoacidosis (DKA), a life-threatening 
complication of diabetes manifesting with blood 
ketone levels of >10  mM.  Nutritional ketosis 
occurs in the context of very LC intake, gener-
ally less than 50 g/day, and achieves blood levels 
of 0.5–3  mM [8]. The main clinical difference 
between the two is the co-presentation of hyper-
glycemia with DKA while dietary ketosis is coin-
cident with eu- or hypoglycemia. This suggests 
functional insulin signaling in the latter but not 
the former. Ketogenesis self-regulates via a nega-
tive feedback mechanism of ketones on adipo-
cyte lipolysis [12], and it has been suggested that 
insulin attenuates ketogenesis (though the pre-
cise mechanism remains unknown), in addition 
to inhibiting adipocyte lipolysis-mediated sub-
strate liberation, in a liver-autonomous manner 
[21]. Thus, DKA may result from loss of insulin- 

mediated inhibition of adipocyte lipolysis and 
anti-ketogenic mechanisms within the hepatocyte 
itself. In contrast, reduced-insulin levels in the 
setting of preserved or enhanced adipose insulin 
sensitivity may promote benign nutritional keto-
sis when dietary carbohydrate is limited.

 Where Do the Potential Benefits of 
KD Come from?

There are two macronutrient variables in a 
KD: low carbohydrate (LC) and high fat (HF). 
However, it is not known if one or both vari-
ables drive potential metabolic benefits and, how 
much, if any, the benefit derives from ketones 
themselves. Further, it remains to be clarified if 
any weight loss realized following a KD inter-
vention is solely responsible for improvements 
in metabolic markers. LCHF diets often result in 
reduced total caloric intake and, hence, weight 
loss. Thus, the most parsimonious explanation 
for reduced CV disease risk markers with LCHF 
diets is weight reduction. Indeed, several studies 
have demonstrated statistical weight loss follow-
ing KD feeding in obese individuals with or with-
out type 2 diabetes (Table 5.1).

Only one study, to our knowledge, attempted 
to dissociate weight loss from the metabolic ben-
efit of KD. In this study, daily caloric intake was 
fixed at ~2950 kcal for obese patients with meta-
bolic syndrome, while the subjects (N = 16 for 
each diet) were randomized to high (~420 g/day), 
medium (~234 g/day), or low (~45 g/day) carbo-
hydrate diets at a fixed protein intake of ~146 g/
day for 4 weeks [37]. Interestingly, saturated fat 
accounted for ~50% of total fat intake in all three 
diets. While weight remained constant, 9/16 
patients on the LC diet no longer met the require-
ments of a metabolic syndrome diagnosis. Of the 
16 patients, 3 and 1 patients in the mid and high 
carbohydrate cohorts, respectively, also were no 
longer classified as having metabolic syndrome 
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after the 4-week study. LDL-C was in the clini-
cally normal range for all participants, with the 
LC cohort having a preponderance of less athero-
genic large, buoyant LDL particles (phenotype 
A). The authors concluded that adherence to an 
LC diet improved metabolic syndrome indepen-
dent of weight loss. While promising, we encour-
age more similar trials with longer adherence to 
validate and extend the findings of this study.

To our knowledge, no trials using a diet fixed 
on total calories and LC (e.g., <50 g/day) with 
variable fat have been reported. Such a study 
would be important in unraveling the relative 
contributions of LC and HF.  Further, the rela-
tive benefit of ketones themselves needs resolu-
tion, as a cause-and-effect conundrum exists for 
LC and ketonemia. Given the reported benefits 
of exogenous ketones on HF [38] coupled with 
studies demonstrating glycemic and lipemic 
effects of LC diets without ketogenesis (see 
below), it is tempting to speculate that ketones 
will influence some but not all of the potential 
benefits of LC diets.

 The Historical Clinical Uses of Low 
Carbohydrate Diets

Modern clinical employment of starvation to 
treat epilepsy goes back at least a century [39] 
and has, in general, been successful. Given the 
difficulties of adhering to prolonged fasting, 
attempts to mimic physiological starvation by 
dietary intervention were made. Woodyatt, in 
1921, noted that both fasting and high-fat low- 
carbohydrate diets increased ketonemia and pro-
posed that excessive carbohydrate exacerbated 
diabetes [40]. Concurrently, Wilder proposed the 
use of ketonemia-inducing diets to treat epilepsy 
[41]. Fifty years later, a longitudinal survey of 
over 1000 epilepsy patients treated by ketogenic 
diet found 52% and 27% of patients exhibited 
complete and partial control, respectively [39].

The most prevalent clinical use of ketogenic 
diets, arguably, is for GLUT1 deficiency syn-
drome. GLUT1 is encoded by SLC2A1 and is 
responsible for glucose uptake into neurons; 

hence loss of GLUT1 function results in neuro-
glycopenia and seizures [42]. Induction of dietary 
ketosis has been successfully employed to pro-
vide an alternative neuronal energy source and 
reduce symptoms [42]. However, growth sup-
pression during adolescence has been observed, 
presumably due to the low amount of protein 
in ketogenic diets [43]. Regardless, chronic use 
of KD regimens in GLUT1 deficient syndrome 
demonstrates long-term safety and efficacy.

 Low-Carbohydrate “Fad” Diets

A number of nutritional trends centered on car-
bohydrate restriction have attracted attention in 
popular culture. Three in particular—Atkins, 
Paleo, and KD—have gained commercial and 
some scientific consideration.

Atkins Developed in the 1960s by cardiologist 
Robert Atkins and first popularly published in 
1972, the Atkins diet is an LC diet based on unre-
stricted protein and caloric intake. The diet cen-
ters on a restrictive induction phase of <20 g of 
carbohydrate per day to achieve target weight 
loss, and gradually increasing by ~5 g per week, 
reaching a value of 40–90 g per day to maintain 
weight loss [44]. It is unclear if Atkins diet adher-
ents achieve nutritional ketosis, and a “modified” 
Atkins diet has been used that promotes fat over 
protein intake to, specifically, induce nutritional 
ketosis [45].

The first RCT specifically evaluating the 
Atkins diet was published in 2003 [46]. This 
1-year study examined weight loss and car-
diovascular risk markers in 63 obese men and 
women who were randomized to an Atkins-style 
diet or a high-carb, low-fat “conventional” diet. 
While weight loss was greater in the Atkins 
group at 3 and 6  months, there was no signifi-
cant difference in weight at 1 year between the 
two diets. Serum triglycerides were lower in the 
Atkins group at 3 and 12 months. However, total 
cholesterol and LDL-C were significantly higher 
in the Atkins group at 3  months, but there was 
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no significant difference at 6 and 12  months. 
HDL was significantly higher in the Atkins group 
at 6 and 12 months. It is important to note that 
protein and fiber intake between groups was not 
controlled in this study, so while carbohydrate 
and fat intake was the focus of this study, protein 
and fiber content was not held constant and likely 
varied between study groups. Additionally, type 
of fat (animal vs plant, saturated vs unsaturated, 
etc.) was not included in the diet prescriptions. 
Attrition for this study was high; of the 63 sub-
jects that started the study, 14 dropped out prior to 
the 3-month mark, another 7 before the 6-month 
mark, and 5 more before the end of the 1-year 
study (only 59% of participants completed the 
full year). The caveats listed here are not unique 
to this study. Rather, these caveats are systemic 
to dietary clinical trials and should be considered 
when interpreting results.

Other studies examining the Atkins diet found 
similar results. In one, the high-fat (HF) Atkins 
diet, high-protein (HP) Zone diet, and a high- 
carbohydrate (HC) diet found HF and HP diets 
lead to greater weight loss than the HC diet and 
was accompanied by lowered serum triglycerides 
[47]. However, LDL-C levels in the HF Atkins 
group were significantly higher than in the HP 
group. Likewise, a study of 262 overweight pre-
menopausal women found that changes in LDL-C 
levels were less favorable in the Atkins group 
compared to other diets at 2 months but normal-
ized by 6 and 12 months [44]. In obese patients 
with type 2 diabetes, the Atkins diet improved glu-
cose homeostasis but resulted in increased HDL, 
LDL-C, and total cholesterol and decreased tri-
glycerides after 24 weeks [48]. In normal-weight 
subjects, an LCHF Atkins diet also raised LDL-C 
as well as apolipoprotein B, total cholesterol, and 
HDL [49]. In this study, there was no difference in 
triglycerides between groups.

Taken together, the majority of studies exam-
ining the Atkins diet demonstrate a decrease in 
serum triglycerides and an increase in serum 
LDL-C that is typically transient and normal-
izes after a few months. However, not all studies 
reached the same conclusions. One study found 
that LDL-C levels are unaffected by the Atkins 

diet, but LDL particle size increased following an 
Atkins-style diet [50]. Another study found that 
while the Atkins diet had no effect on cholesterol 
levels, triglycerides decreased in subjects in the 
LC Atkins group [51]. This study also reported 
that the LC Atkins diet leads to reduced flow- 
mediated dilation relative to low-fat diets indicat-
ing that LC Atkins-style diets may have negative 
effects on cardiovascular risk.

Paleo Credited to gastroenterologist Walter 
Voegtlin, this diet mimics a supposed “paleo-
lithic” way of eating, emphasizing increased con-
sumption of lean meat, fruits, vegetables, nuts, 
and seeds, while excluding grains, legumes, 
refined sugars, added salt, and dairy [52]. 
Although no specific macronutrient guidance has 
been uniformly agreed upon, attempts to estimate 
Paleo diet macronutrient composition has been 
given as 38% protein, 23% carbohydrate, and 
39% fat (https://nutrition.ucdavis.edu/sites/g/
files/dgvnsk426/files/inline- files/fact- pro- paleo- 
diet.pdf). If followed, the Paleo diet will not 
result in nutritional ketosis.

The first clinical trial examining the effects of 
the Paleo diet was published in 2009 [53]. The 
study was small; only nine non-obese healthy 
adults were recruited for this short-term (10- 
day) study. By design, subjects did not lose any 
weight throughout the study yet experienced sig-
nificant reductions in blood pressure, improved 
arterial distensibility, reduced total cholesterol, 
LDL-C and triglycerides, and improved insulin 
sensitivity [53]. Other short-term studies also 
found promising improvements in blood lipid 
profiles following a Paleo diet relative to control 
diets. When compared to control diets, the Paleo 
diet leads to reductions in weight and triglycer-
ide levels in five out of eight studies examined 
[54–58], decreased total cholesterol in five out 
of eight studies [54–57, 59], and improved HDL 
in 4 out of 8 studies examined [54–57]. Two of 
these studies also reported decreased LDL-C in 
Paleo subjects [56, 57]. Other studies revealed 
that while the Paleo diet did improve blood lipid 
profiles, the changes were not significantly dif-
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ferent than control diets [60, 61]. Out of the seven 
studies that examined markers of insulin sensi-
tivity, one found significant changes in HbA1C 
[54] and one found changes in fasting insulin and 
HOMA-IR [55]. One study found that HOMA-IR 
was significantly improved in the Paleo group 
relative to baseline, but significance was lost 
when compared to the control group [58]. It is 
difficult to determine if these changes are unique 
to Paleo or just a result of calorie deficit-induced 
weight loss.

While these results seemed promising, long- 
term RCT studies revealed that the Paleo diet did 
not fare much better than control diets. One study 
found that while the Paleo diet provided a mod-
est improvement in weight loss in the short-term 
(6  months) in overweight and obese subjects, 
there was no difference in weight loss between 
diets at 24  months (a familiar trend in weight 
loss trials) [59]. Likewise, systolic and diastolic 
blood pressure and total cholesterol decreased at 
6 months but returned to baseline by 24 months. 
Triglycerides and LDL-C decreased throughout 
the 24-month study, but this was not significantly 
different in the Paleo group than the reference 
diet [59]. A second long-term study revealed that 
although the Paleo diet improved weight, body 
fat, liver fat, total cholesterol, triglycerides, and 
LDL-C at 6 months, only triglycerides were sig-
nificantly improved at 24 months [57]. Although 
both of these studies showed some improvement 
in fasting insulin and/or glucose at 6  months, 
no significant differences were observed at the 
end of the 24-month studies [57, 59]. Thus, it is 
unclear at this time if the Paleo diet offers any 
cardiometabolic effects independent of calorie 
restriction and weight loss.

Ketogenic Diet This term was coined and the 
diet developed in the 1920s to mimic fasting, 
which had been shown to be beneficial in reduc-
ing epileptic seizures [39]. The KD has been used 
extensively in the setting of epilepsy, while it 
began to be adopted clinically for diabetes treat-
ment by Woodyatt and others in the early- to mid- 
twentieth century. The goal of the KD is to induce 
a level of ketonemia well below pathological 
ketoacidosis by dietary instead of starvation- 

based means, leading to “nutritional ketosis”. 
The KD requires sustained intake of very LC 
(20–50  g per day) and is considered moderate 
protein (~1.5 g/day per kg of reference weight) 
[8]. The remainder of the diet is composed of fat, 
and no guidance on the type of dietary fat has 
been provided. Given the long history of use in 
epilepsy, a more comprehensive clinical picture 
has developed for the KD compared to other LC 
diets; hence, this chapter will concentrate primar-
ily on the effects of KD on CV health and disease 
risk. Although KD regimens have been around 
for many years, its popularity has exploded 
recently. A PubMed search of human clinical tri-
als with “Ketogenic Diet” in the title or abstract 
yields 164 results, 67 of which were published in 
just the past 5  years (2015–2019). We find the 
most pressing question to be whether a KD is 
superior to other weight loss methods when calo-
ries are controlled. In other words, does a KD 
confer additional benefits independently of 
weight loss?

 Effects of KD in the Overweight/
Obese and T2D Population

To comprehensively address the efficacy of KD 
regimens in this population, we examined only 
clinical trials that had a control arm and >25 
subjects for controlled trials or >15 subjects for 
crossover studies (Table 5.1). Of the 16 studies 
that reported weight loss, 10 studies reported 
significant reductions in weight conferred by 
KD compared to a control diet [22–24, 26–29, 
31, 33, 34, 62]. Additionally, out of the six 
long-term trials (>6 months), five demonstrated 
significant weight loss at the end of the study 
[26, 28, 31, 34, 62]. Of the six studies that also 
measured body composition, three studies dem-
onstrated a greater loss in fat mass [26, 28, 32]. 
Both studies that measured visceral adipose tis-
sue found significant decreases [28, 32]. It is 
important to note that calorie intake between 
diets was not matched in any of these stud-
ies. Only three studies were calorie-matched 
between diet arms, and all three studies found 
no difference in weight loss or fat loss between 
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KD and control diets [30, 37, 63]. One study 
aimed to determine how energy expenditure is 
affected by KD and reported a significant albeit 
minor increase in energy expenditure [30]. 
Whether this minor change in energy expendi-
ture has any effect on weight loss in patients is 
unclear. Together, these data confirm that KD is 
effective for weight loss but is not superior to 
other diets in terms of weight loss and fat loss 
when matched for calories.

Thirteen out of sixteen studies reported 
improvements in one or more markers of insu-
lin sensitivity after KD (fasting insulin, glucose, 
HOMA-IR, HbA1C, or diabetes remittance) [22, 
24, 25, 29–37, 62–64]. HbA1C was the most 
commonly improved marker in 50% of studies 
[25, 31, 34, 62] and was improved in three out of 
five long-term studies [31, 34, 62]. Importantly, 
insulin sensitivity improved in four out of the six 
studies where no weight change was observed 
[25, 30, 37, 63], suggesting that improvements 
in insulin sensitivity may occur independently of 
weight loss in KD subjects.

The effects of KD on markers of CVD risk 
are less clear. Total cholesterol decreased in one 
study [26], increased in one study [63], and did 
not change in the other six studies [22–24, 29, 33, 
65]. HDL increased in 4 out of 12. LDL-C was 
unchanged in most studies but did increase in two 
studies (which were associated with increased 
HDL as well) [34, 63]. Triglycerides decreased 
in half of the studies that measured it [22, 23, 
30, 33–37, 62] and blood pressure decreased in 
a third of the studies that reported it [34, 65]. 
C-reactive protein significantly decreased in only 
one study [34]. The only study that examined a 
calorie-matched KD and reported in-depth CV 
markers demonstrated that KD increased LDL 
size and decreased small, dense LDL particles 
even though total LDL-C was unchanged [37]. 
Together, these data do not suggest that a KD is 
inherently harmful to CV health in the context 
of weight loss in overweight and obese subjects. 
However, the effects of a KD on CV health in the 
context of weight maintenance in normal-weight 
subjects remain to be explored. Importantly, no 
study of the KD has yet evaluated effects on hard 
CV outcomes.

 Are there Weight-Loss-Independent 
Effects with KD Feeding?

As mentioned previously, when matched for cal-
ories, most studies report that a KD does not lead 
to greater weight loss than other diets [30, 37, 
63]. Yet, even without weight loss, KD improved 
markers of insulin sensitivity in all three studies 
[30, 37, 63] and triglycerides decreased in two 
[30, 37]. One study reported an increase in total 
cholesterol, HDL and LDL-C [63] while another 
only saw a significant increase in HDL as well as 
a significant improvement in LDL particle size 
[37]. The discrepancy in CVD outcomes between 
these studies is likely due to differences in fat 
intake composition which will be described in 
more detail later.

While it is generally agreed that calorie con-
sumption is key for weight and fat loss, a few 
studies have found conflicting results. One study 
examining a KD versus a low-fat diet found a sig-
nificant decrease in weight and fat loss in men 
on KD even though their daily energy intake was 
higher [66]. Men on a KD lost approximately 
5 kg of fat while the low-fat group lost ~3 kg fat 
over the ~50-day study. The discrepancy between 
this study and other studies is unclear. One pos-
sibility is the room for error in self-reported 
energy-intake. Another possibility is that a KD 
leads to increased resting energy expenditure/
total energy expenditure, although this study 
reported no change in resting energy expendi-
ture; however, other studies have found a small 
but significant increase in total energy expendi-
ture after KD [30]. It is possible that, over time, 
this small increase in energy expenditure may 
provide a slight advantage for weight loss.

 Should Healthy Individuals Follow 
a KD?

Although much is known about how a KD affects 
overweight and T2D subjects, how a KD affects 
healthy, normal weight subjects with normal 
insulin sensitivity—arguably the largest adher-
ents to commercialized KD regimens—remains 
unknown. Additionally, the majority of KD stud-
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ies are performed with the intention of weight 
loss; little is known how a KD affects health after 
long-term weight maintenance.

There are a few studies examining KD in meta-
bolically healthy individuals. One study found that 
just 3 days of a eucaloric KD increases the meta-
bolic clearance rate of insulin by 10%, which cor-
responded to a 10% decrease in steady-state insulin 
levels [67]. Another single-arm KD study reported 
a significant decrease in fasting glucose, insulin, 
and IGF-1 [68]. This study also reported decreased 
alkaline phosphatase and alanine transaminase, 
suggesting that liver health may be improved. 
However, there was no control arm and the study 
participants lost 2 kg body weight, so it is difficult 
to determine if these changes are unique to KD or 
simply the result of weight loss. A potentially wor-
risome trend in the few studies of KD in healthy 
individuals is a significant increase in LDL-C and 
total cholesterol [68–70]. However, one study sug-
gests that lipid composition of a KD determines 
the CV risk outcomes [71]. This study compared 
two KD that were matched for all macronutrients 
except polyunsaturated and saturated fats (POLY 
= 60%, 15% and SAT = 15%, 60%, respectively). 
This study demonstrated that the SAT diet did not 
improve glucose, insulin, or triglyceride levels, and 
it did raise LDL-C and total cholesterol. On the 
other hand, the POLY diet decreased glucose and 
triglyceride levels and improved insulin sensitivity 
and had no effect on cholesterol levels. It is also 
interesting to note that the POLY diet increased cir-
culating ketones significantly more than SAT, even 
though total fat, carbohydrate, and protein intake 
were the same [71]. More studies would need to 
confirm these findings, and long-term studies 
investigating if KD has a negative impact on CVD 
risk are warranted.

 KD: Potential Mechanisms 
and Emerging Questions

 Obesity: Is Satiety the Key to Weight 
Loss?

Obesity has one of the strongest associations 
with negative CV outcomes, and is an indepen-

dent risk factor for dyslipidemia, insulin resis-
tance, hypertension, and atherosclerosis [1]. As 
little as 5% weight loss improves CV disease risk 
markers in obese patients [72]. Acute weight loss 
is a common event observed following KD feed-
ing, and hypophagia has been reported by several 
trials interrogating the efficacy of KD in obesity, 
which suggests that KD may increase satiation 
[73]. However, the mechanism driving satiety is 
unknown. Given the difficulties of attaining and 
maintaining weight loss due to hunger drive, the 
ultimate benefit of a KD may be caloric restric-
tion through increased satiation and decreased 
food intake [24, 74].

 Type 2 Diabetes: Weight Loss Versus 
Insulinopenia?

KD feeding has shown remarkable efficacy in 
the setting of type 2 diabetes [75–77]. The sim-
plest explanation for reductions and even cessa-
tion of diabetic medication following long-term 
KD feeding is weight loss [78]. However, glyce-
mic benefit independent of weight loss has been 
reported for an LC diet [37], although if these 
patients achieved nutritional ketosis was not 
reported. Another common finding with KD feed-
ing in both healthy and type 2 diabetics is insu-
linopenia [77]. Reductions in circulating insulin 
levels, especially in the setting of hyperinsu-
linemia, promote both weight loss [79] and insu-
lin sensitivity [80]. Thus, a KD may improve type 
2 diabetic traits by weight loss-dependent (e.g., 
satiety and subsequent caloric restriction) as well 
as independent (e.g., reduced insulin levels due to 
reduced carbohydrate intake) mechanisms.

 Non-alcoholic Fatty Liver Disease 
(NAFLD): The Heart of the Matter?

An emerging condition is non-alcoholic fatty liver 
disease (NAFLD), affecting 25–30% of adults in 
Western countries where it often co-exists with 
obesity and type 2 diabetes [6]. Weight loss was 
reported to improve not only liver disease but also 
cardio-metabolic risk factors in NAFLD patients 
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[81]. However, meta-analyses of 34,000 patients 
linked NAFLD as an independent predictor of 
long-term CV outcomes, suggesting that fatty 
liver in itself is tightly correlated with CV dis-
ease risk [82]. The process of de novo lipogen-
esis (DNL), the production of triglycerides from 
non-fat sources (e.g., glucose, fructose) has been 
implicated in the etiology of NAFLD, and clini-
cal trials with small molecule inhibitors of DNL 
have demonstrated efficacy in both NAFLD and 
its manifestation non-alcoholic steatohepati-
tis [83]. Interestingly, ketogenesis is inhibited 
with the increasing hepatic fat burden [84] and 
the DNL product, malonyl-CoA, directly inhib-
its ketogenesis by blocking the mitochondrial 
entry of fatty acids [85]. Thus, carbohydrate 
restriction will simultaneously decrease or even 
inhibit DNL via loss of substrate (e.g., glucose, 
fructose) while increasing ketogenesis by reduc-
ing malonyl- CoA (a product of DNL)-mediated 
inhibition of CPT1. KD regimens, in particular, 
have been employed successfully to reduce the 
hepatic fat burden and disease severity in NASH 
[86, 87].

 Hyperinsulinemia: Cause or 
Consequence?

A major goal of LC diets is to lower circulat-
ing insulin levels. Hyperinsulinemia and insulin 
therapy promote adiposity [88], while insulin 
insufficiency, in the setting of type 1 diabetes, is 
associated with reduced fat mass [89]. In addition 
to adiposity, potential links between hyperinsu-
linemia and other CV disease risk factors have 
been documented for at least 40 years, but is not 
without controversy [90, 91]. Several confound-
ing factors may be at the root of the disparate 
interpretations, including the definition of hyper-
insulinemia (fasting vs oral glucose load-stim-
ulated), sex, diabetic status, and co- segregating 
factors such as hyperglycemia, hypertriglyc-
eridemia, hypercholesterolemia, and insulin 
resistance [92]. This classic “chicken or egg” 
conundrum derives from the complicated and 
inter-connected nature of regulatory and counter- 
regulatory metabolism. In addition, endogenous 

and pharmacological hyperinsulinemia have 
mitogenic effects in both the vascular and cardio-
myocyte compartments [93], further challenging 
the prospects of isolating the independent effects 
of hyperinsulinemia, which has been reported to 
increase CV disease risk [94]. To our knowledge, 
no adverse CV outcomes have been reported for 
either hypoinsulinemia or insulin sensitivity. 
Thus, reducing insulin levels should, at worse, be 
benign.

 Beyond Diets: Are Exogenous Ketones 
a Therapy for Heart Failure?

Myocardial tissue from patients with severe 
heart failure utilizes the ketone body BOHB 
[95]. This observation may be phenomenologi-
cal or a metabolic adaptation, either beneficial 
or maladaptive. To determine this, 16 patients 
with chronic heart failure  and reduced ejection 
fraction (HFrEF) were randomized in a cross-
over design to placebo or experimental BOHB 
infusions [38]. The 3-hour experimental infusion 
during the study reached steady-state levels of 
plasma BOHB between ~0.4 and 3.0  mM, the 
same levels achieved via dietary ketosis. BOHB 
significantly increased cardiac output, stroke 
volume, heart rate, oxygen consumption, and 
left ventricular ejection fraction. Myocardial 
external energy efficiency was unaffected. It was 
concluded that BOHB has beneficial hemody-
namic effects in the setting of HFrEF at a physi-
ologically relevant concentration. This suggests 
that LC, KD regimens may be protective or even 
therapeutic for heart failure.

 Beyond Diets: Sodium-Glucose 
Co-Transporter 2 Inhibitors (SGLT2i)

Sodium-glucose co-transporter 2 inhibitors 
(SGLT2i) have entered the clinical toolbox for 
type 2 diabetes treatment. This class of drugs 
lowers glycemia by preventing glucose reab-
sorption from renal tubules [96]. An interesting 
manifestation of SGLT2i treatment is euglyce-
mic ketoacidosis [97], which has been attributed 
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to dehydration and insulinopenia [98]. Outcome 
trials with SGLT2i have demonstrated lower rates 
of primary composite CV outcomes and all-cause 
mortality, accompanied by reductions in HF hos-
pitalizations [99]. It has been hypothesized that 
the reductions in CV disease are due, in part, 
to ketosis [100]. Given the similarities between 
SGLT2i and KD—reductions in glycemia and 
insulinemia coupled with increased ketonemia—
the CV outcomes, including HF, upon long-term 
KD feeding should be determined. Importantly, 
there is a significant risk of euglycemic keto-
acidosis in patients taking SGLT2 inhibitors and 
also following a ketogenic diet [101, 102]. For 
this reason, ketogenic diets should be avoided in 
patients taking these drugs.

 Beyond Diets: Lessons from Human 
Genetics

 Medium-Chain Acyl-CoA 
Dehydrogenase Deficiency (MCADD)

Homozygous and compound heterozygous 
loss-of-function mutations in ACADM, encod-
ing mitochondrial medium-chain acyl-CoA 
dehydrogenase, are characterized by fasting 
intolerance, episodes of hypoglycemia coma, 
and impaired ketogenesis [103]. Medium-chain 
acyl-CoA dehydrogenase deficiency (MCADD) 
is the most common disorder of fatty acid oxi-
dation and is associated with hepatomegaly and 
fatty liver [104]. Thus, it is tempting to speculate 
that reduced ketogenesis is more cause than con-
sequence of fatty liver (see section on NAFLD). 
Interestingly, MCADD has been found to be 
associated with prolonged QTc interval [105]. 
In summary, genetic attenuation of ketogenesis 
correlates with hepatic and electrocardiographic 
abnormalities.

 Long-Chain 3-Hydroxyacyl-CoA 
Dehydrogenase Deficiency (LCHADD)

Homozygous and compound heterozygous loss- 
of- function mutations in HADHA, encoding a 

component of the mitochondrial trifunctional 
protein complex controlling fatty acid oxidation, 
is characterized by early-onset cardiomyopathy, 
hypoglycemia, neuropathy, hepatomegaly, and 
sudden death [106]. As with MCADD, long- 
chain 3-hydroxyacyl-CoA dehydrogenase defi-
ciency (LCHADD) is associated with fatty liver 
[107], further supporting the notion that impaired 
ketogenesis leads to hepatosteatosis. The physi-
ological basis of cardiomyopathy is unknown, 
but may involve the build-up of toxic partially 
oxidized fatty acid esters [108]. Given the high 
energy needs of cardiac muscle it will be inter-
esting to determine the role of ketogenic insuf-
ficiency in manifestation of cardiomyopathy, 
especially in light of the effects of ketones on 
cardiac energetics [38].

 Future Directions and Challenges

 LDL Risk: Saturated Versus 
Unsaturated Fats

A major concern of the ketogenic diet is the 
potential for elevated LDL-C levels and CV risk 
due to the relatively high consumption of dietary 
fats. Some studies have demonstrated positive 
effects on LDL-C from a KD while others have 
shown negative effects. The discrepancy between 
these results is not immediately clear; however, 
it is likely that the composition of dietary fats 
consumed plays a role. In fact, a trial compar-
ing two KD regimens differing only in saturated 
and polyunsaturated fat content (total fat, car-
bohydrate, protein, and calories were matched) 
showed that the KD high in saturated fats raised 
LDL-C, while the KD high in polyunsaturated 
fats did not affect LDL-C [71]. It is unclear from 
this study alone if saturated fats have negative 
effects or polyunsaturated fats have protective 
effects (or both), but other studies have explored 
this topic extensively.

A meta-analysis examining the associations 
of fat intake and mortality in over 500,000 
people concluded that intake of saturated fats, 
trans-fatty acids, animal MUFAs, α-linolenic 
acid, and arachidonic acid was associated with 
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higher mortality [109]. Consumption of fish- 
based omega-3 PUFA was inversely associated 
with CVD mortality, and replacing saturated 
fats with plant MUFAs or linoleic acid was 
associated with lower total, CVD, and certain 
cause-specific mortality [109]. While this was 
designed to only detect associations, other RCTs 
have found similar results. The OmniHeart study 
examined how replacing 10% of the carbohy-
drates from the DASH diet with unsaturated fat 
affected CV disease risk outcomes [110]. This 
study found that replacing a small amount of 
carbohydrates with unsaturated fats decreased 
LDL-C and reduced estimated 10-year coro-
nary artery disease risk greater than the already 
heart-healthy DASH diet. The MUFFIN study 
examined two calorically restricted diets, one 
enriched for MUFA and one enriched for PUFA 
[111]. Both diets led to weight loss, but only the 
PUFA-enriched diets reduced  triglyceride and 
blood pressure and improved flow-mediated 
dilation. However, this study demonstrated that 
there were no changes between diets in total 
cholesterol, LDL-C, or HDL and levels did not 
change from baseline. The DIVAS study sub-
stituted a portion of saturated fats (10% of total 
energy intake) with either MUFA or omega-6 
PUFA and demonstrated a reduction in total 
cholesterol, LDL-C, and total cholesterol: HDL 
ratio reported a 17–20% reduction in CVD 
mortality risk [112]. A follow-up report showed 
that replacing saturated fats with MUFA or 
omega-6 PUFA reduced endothelial micropar-
ticles and platelet microparticles [113]. The 
RESET trial replaced some saturated fat in 
dairy with MUFA, which lead to improvements 
in LDL-C and endothelial function in patients 
with moderate CV disease risk [114]. There are 
many more studies exploring how replacing 
saturated fats with unsaturated fats affects CVD 
risk, and the general consensus is that unsatu-
rated fats reduced LDL-C and cardiovascular 
risk with PUFAs being even more beneficial 
over MUFAs. Additionally, there is evidence 
that omega-3 PUFAs are beneficial to omega-6 
PUFAs.

 Dietary Interventions: Study Design 
and Considerations

 What Is a Proper Control in Dietary 
Trials?

Nutrition and dietary clinical trials are notori-
ously difficult to perform, and researchers face 
many obstacles to perform well-controlled clini-
cal trials. The need for proper control groups in a 
dietary intervention is vital. The only exception is 
pilot studies studying the safety of a dietary inter-
vention in a certain population. Many single-arm 
dietary interventions ultimately conclude efficacy 
findings in their study; however, it is unclear if the 
benefits reported are unique to the dietary inter-
vention of interest or general benefits related to 
caloric restriction and weight loss. Additionally, 
it had been postulated that the act of participating 
in a weight loss trial could change behaviors that 
inadvertently lead to weight loss independently 
of the dietary intervention in question. This is due 
to the so-called Hawthorne effect [115]. Many 
trials examining the effects of the ketogenic diet 
have been single arm or uncontrolled and thus 
warrant caution in interpretation.

 RCT or Cross-Over?

Many dietary intervention trials use randomized 
cross-over study designs where half of the partic-
ipants will undergo treatment A, undergo a wash- 
out period, then treatment B (or visa-versa for the 
other half of participants). This design has a few 
strengths over RCTs. First, crossover  trials allow 
the response of treatment A to be contrasted with 
the response of treatment B within the same sub-
ject. This reduces inter-subject variability, and, in 
theory, treatment effects can be estimated with 
greater precision than an RCT with the same 
number of subjects [116]. Second, fewer partici-
pants are required for adequate power. There are 
also negative aspects including that one treat-
ment may carry over and alter the response of 
another treatment. Therefore, a sufficient wash- 
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out period must be pre-calculated and employed 
to ensure that effects from treatment A do not 
interfere with the effectiveness of treatment 
B. By design, crossover studies take much longer 
to complete than RCTs with the same treatment 
duration. Therefore, crossover studies are typi-
cally reserved for studying short-term outcomes 
of chronic diseases.

RCTs are considered the “gold-standard” in 
biomedical research. When factors that may bias 
outcomes are randomly distributed across inter-
vention groups, the results of the study will not 
be confounded by inherent biases. Some dietary 
studies run “non-randomized” controlled trials 
that allow subjects to self-select into interven-
tion groups, often to improve compliance. This 
is especially common in KD clinical trials where 
compliance can be especially low in certain 
patient populations. However, this introduces 
great bias to the study and should generally be 
avoided except for exploratory studies.

 Lack of Placebo

One important obstacle is the lack of placebo 
or control groups. In a blinded pharmaceutical 
clinical trial, the treatment group will receive the 
medication and the control group will receive 
a placebo and the participants of the study are 
not aware which group they are in. Even surgi-
cal studies will have a “sham surgery” placebo 
group. There is no such placebo group for a 
dietary intervention study and we, therefore, have 
no good way of “blinding” a subject in a dietary 
clinical trial; the subject will always know what 
intervention they are receiving. However, it can 
be possible to randomize to a treatment and an 
alternate active comparator and it is critical that 
investigators interpreting data are blinded to the 
treatment allocation.

 Controlling Macronutrient 
and Calorie Intake

Along the same lines, specific aspects of a diet 
cannot be studied in isolation. For instance, to 

understand the effects of saturated fats on blood 
LDL cholesterol, would a daily bolus of satu-
rated fats be given? In this example, would any 
observed effect be due to increased saturated fats 
or simply augmented caloric intake or replace-
ment of another nutrient? To study more broadly 
the effects of a high-fat diet, varying levels of fat 
should be administered, akin to a dose-escalation 
study. In this context, the amount of protein and/
or carbohydrate must vary in proportion to the 
degree of dietary fat and, further, the total caloric 
composition will deviate. Therefore, it is impos-
sible to unequivocally conclude that any outcome 
observed is not due to the capricious intake of 
one variable over another. Ultimately, there is 
no proper placebo-control for calorie-containing 
substances. It is impossible to perform a perfectly 
controlled dietary study.

 Concluding Remarks

Clinically speaking, weight loss improves most, 
if not all, CV disease risk markers. Beyond the 
“walk more, eat less” paradigm, a universal 
weight loss regimen is unlikely. Thus, the desire 
to achieve weight reduction promotes a revolv-
ing door of fad diets. Coupled with evolving rec-
ommendations from authoritative agencies, the 
average consumer is often left confused. This is 
probably driven in part by the inherent pitfalls of 
dietary intervention trials. Our analysis of avail-
able clinical trial data leads us to the conclusion 
that the biggest potential danger of LCHF diets is 
increased LDL-C. However, if the fat component 
of LC diets is primarily devoid of saturated fat 
and, therefore, enriched in plant and fish-based 
unsaturated fatty acids, it might be  possible to 
mitigate this risk. Otherwise, there appears to be 
no significant down-side to LC diets and, at worst, 
they appear to be  benign. Indeed, the majority 
of studies find improved glycemic control with 
LCHF diets, and the few studies examining the 
efficacy of exogenous ketones are promising 
enough to warrant follow-up. At this point, there 
appears to be enough traction that LC diets will 
be around for the foreseeable future, and, with 
appropriately designed trials, more evidence 
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will become available to inform clinician-based 
guidance. We are most excited by the potential 
to use LCHF diets to treat metabolic diseases 
beyond obesity and diabetes—most notably non- 
alcoholic fatty liver disease and heart failure with 
preserved ejection fraction.
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 Introduction

A plant-based diet (PBD), or plant-based nutrition, 
is generally defined as a diet consisting mostly of 
plant derivatives and is low in animal- based prod-
ucts (e.g., meat, fish, dairy, eggs) in comparison to 
a Western-style diet, which consists of predomi-
nantly animal products, refined carbohydrates, 
and added fats [1]. While this definition encom-
passes a broad spectrum of possible diets, there is 
an emphasis on diets that are low in saturated fat, 
processed carbohydrates, and added sugars. Such 
diets emphasize plant- based food categories such 
as whole grains, fruits, vegetables, nuts, legumes, 
soy products, and seeds [1]. These foods are rich 

in macronutrients (carbohydrates, protein, healthy 
fats, fiber), micronutrients (vitamins and miner-
als), and bioactive compounds (e.g., flavonoids, 
plant sterols, and polyphenols) [2]. In particular, 
PBDs are rich in fiber, vitamin C and E, magne-
sium, folic acid, iron, and phytochemicals  [2]. 
Nutrients like B12 and the more bioavailable vita-
min D3 are found predominantly in animal prod-
ucts [3, 4] but can be sufficiently derived through 
supplementation and fortification of plant-based 
foods. Most importantly, a PBD typically involves 
limited intake of certain compounds found in ani-
mal products that can potentially exacerbate car-
diometabolic disease. This includes saturated fats 
[5], heme-iron [6], chemical contaminants (hydro-
carbons and heterocyclic amines) [7], advanced 
glycation end-products [8], and proinflammatory 
metabolites found in meat (e.g., l-carnitine [9] and 
N-glycolylneuraminic acid [10]).

A PBD encompasses many definitions, ranging 
from conventionally utilized terms (e.g., vegan, 
vegetarian, and pescatarian) to specific diet and 
lifestyle programs (e.g., Ornish, Pritikin, Esselstyn, 
Barnard) which encompass specific plant-based 
dietary approaches. Additionally, some diets 
including Mediterranean [11] and DASH (Dietary 
Approaches to Stop Hypertension) [12] empha-
size plant-based nutrition to improve cardiovas-
cular health. However, these diets include animal 
products, particularly low-fat dairy and lean ani-
mal proteins (e.g., fish, poultry, and eggs) in their 
recommendations.
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Beyond specific PBDs, there are several 
terms one can encounter colloquially and in the 
scientific literature. Vegan (or veganism) is a 
diet that completely excludes animal products 
and relies exclusively on plant-derived foods. A 
lacto- vegetarian consumes dairy products (milk, 
cheese, yogurt, etc.) in addition to plant-based 
foods while a lacto-ovo-vegetarian involves the 
addition of eggs. A semivegetarian consumes 
dairy, eggs, and red meat/poultry ≥1 time/month 
and  <1 time/week according to the Adventist 
Health Study-2 definition [13].

Often, emphasis is placed on the type of ani-
mal products present within a PBD, as indicated 
by the definitions above. However, the constitu-
tion of a PBD is important to consider in order to 
ensure a heart healthy PBD. A diet that is high 
in refined grains, saturated fat (e.g., coconut oil, 
palm oil, and palm kernel oil), potatoes, and 
added-sugar beverages still ascribes to the literal 
definition of a PBD. However, such a diet con-
tributes to exacerbating cardiovascular and meta-
bolic disease risk [14]. To address this, studies 
have proposed PBD scores/indices which can be 
used to assess both the animal-product constitu-
tion of the diet and its “healthiness.” These scores 
rate healthier plant-based foods (fruits, veg-
etables, whole grains) positively and unhealthy 
plant-based foods (refined sugars, added fats) 
negatively [14, 15, 16].

Overall, scientific evidence supports that 
adhering to a healthy, low-saturated fat PBD is 
associated with beneficial cardiovascular out-
comes. This includes mitigating coronary artery 
disease (CAD), hypertension (HTN), cerebrovas-
cular accident (CVA) risk, type 2 diabetes mel-
litus (DM2), heart failure (HF), and death [1, 17, 
18]. Reductions in serum atherogenic lipids play 
a significant role in these risk reductions. Low-
fat PBDs have been associated with reductions 
in total cholesterol (TC), low-density lipoprotein 
(LDL-C), and non-high-density lipoprotein cho-
lesterol (non-HDL-C) [19, 20]. Reductions in 
the “good” cholesterol high-density lipoprotein 
cholesterol (HDL-C) have also been observed 
in patients adhering to a PBD compared to an 
omnivorous diet [19, 20]. Beneficial effects on 

hemoglobin A1c [21], insulin resistance [22], 
and systemic inflammation [23] have also been 
reported.

The extensive evidence in support of a PBD 
has led to recommendations from the Academy 
of Nutrition and Dietetics [24], American Heart 
Association (AHA) [25], and 2015–2020 Dietary 
Guidelines for Americans [26] on adopting PBDs 
for weight loss and improvement of cardiometa-
bolic health. The AHA advocates for a reduction 
in the consumption of animal products for protein, 
replacing it with protein-rich plant-based foods 
like tofu, quinoa, mushrooms, lentils, chickpeas, 
beans, and legumes [24]. They also recommend 
that only 5–6% of daily calories should come 
from saturated fat and warn against replacing 
an animal-based diet with unhealthy processed 
plant-based foods, such as fruit juices, potatoes 
(e.g., French fries), and sweets with high added 
sugar. The American Academy for Nutrition and 
Dietetics recommends a PBD that is low in satu-
rated fat, given the association between saturated 
fat and cardiovascular disease (CVD) [24], which 
can come from plant-based oils such as palm oil, 
palm kernel oil, and coconut oil. The 2015–2020 
Dietary Guidelines for Americans makes similar 
recommendations and provides serving-size rec-
ommendations for the consumption of plant and 
animal products, with an emphasis on limiting 
meat consumption [26].

There is overwhelming evidence in support of 
a PBD to reduce the risk of CVD. Despite recent 
advances in treatment and prevention, heart dis-
ease continues to be the leading cause of death 
worldwide [27]. Implementing a PBD has proven 
to be an effective measure, including in combina-
tion with other interventions, to reduce the risk 
of CVD and promote the overall health and well- 
being of patients.

 Evidence Behind Plant-Based Diets

PBDs have been proven to have a beneficial 
effect on many types of CVD: CAD, HTN, CVA, 
and HF [1, 17, 18, 28, 29]. For example, some of 
the most potent contributors to CVD are serum 
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atherogenic lipids, particularly LDL-C [19]. 
PBDs have been shown to significantly reduce 
LDL-C levels [19]. Thus, it is important to con-
sider a PBD as an adjunct for the management of 
several CVDs.

 Coronary Artery Disease

PBDs have been shown to both reduce the risk 
and improve the treatment of CAD by lowering 
atherogenic serum lipid levels [19] and reducing 
systemic inflammation [23]. Based on findings 
from the Lifestyle Heart Trial, which imple-
mented a 10% fat vegetarian diet (n = 28) versus 
usual care (n  =  20), it was also suggested that 
a PBD might reduce average percent diameter 
stenosis in CAD (measured by quantitative coro-
nary angiography (QCA)) (−3.1% vs. 11.8%, 
p = 0.001 at 5 years) [32]. However, it is impor-
tant to note that coronary plaque regression in 
the setting of PBDs remains controversial and 
substantial evidence of this effect is lacking. 
Also, the assessment of coronary artery plaque 
by QCA has been largely replaced by more 
advanced imaging modalities in contemporary 
studies, including coronary computed tomo-
graphic angiography and intravascular ultra-
sound [30, 31]. Nevertheless, the Lifestyle Heart 
Trial demonstrated a cardiac event rate of 0.86 
per patient (25 events among 28 patients) in the 
experimental arm versus 2.25 (45 events among 
20 patients) in the usual care arm [32]. An analy-
sis of participants from the Nurses’ Health Study 
(NHS1) (n = 73,710 women), NHS2 (n = 92,329 
women), and the Health Professionals Follow-Up 
Study (n = 43,259 men) found that plant-based 
diet index scores (PDI) had an inverse rela-
tionship with CHD risk, with the highest PDI 
scores (10th decile) being associated with sig-
nificantly reduced risk of CHD in a multivari-
ate adjusted model (HR: 0.93; 95% CI = [0.90, 
0.97]; p trend  =  0.003). Scores on a healthy 
plant-based diet (healthy plant-based diet index 
[hPDI]) had a significant association with low-
ering CHD risk with increasing scores (HR: 
0.75; 95% CI  =  [0.68, 0.83]; p trend <0.001). 

Conversely, increasing unhealthy plant-based 
index scores (uPDI) had a significant associa-
tion with increasing CHD risk (HR: 1.32; 95% 
CI  =  [1.20, 1.46]; p trend <0.001) [14]. Kwok 
et al. performed a systematic review and meta-
analysis of eight studies where cardiovascular 
outcomes were assessed when comparing veg-
etarian versus nonvegetarian diets. When analyz-
ing a subgroup of the Adventist Health studies 
[13, 33, 34], there was a reduced risk of ischemic 
heart disease (RR: 0.60; 95% CI = [0.43, 0.80]) 
[35]. Thus, a PBD may be one important tool for 
helping patients to reduce their risk of CAD and 
related events.

 Hypertension

Consumption of just one serving of meat per 
day, including seafood, has been shown to have 
an association with increased HTN risk [36]. 
Conversely, PBDs are associated with signifi-
cant reductions in blood pressure [37]. A study 
by Steffen et al. found that a PBD (whole grains, 
refined grains, fruit, vegetables, nuts, or legumes) 
reduces the risk of HTN, with higher levels of 
plant consumption being associated with further 
reductions in risk for HTN incidence (5th quintile 
plant consumption: HR: 0.64; 95% CI  =  [0.53, 
0.90]) [38]. Consumption of ≥4 servings of vege-
tables and fruits was associated with HTN hazard 
ratios of 0.95 (95% CI =  [0.86, 1.04]) and 0.92 
(95% CI = [0.87, 0.97]), respectively [39]. A meta-
analysis of 7 clinical trials and 32 observational 
studies found that vegetarian diets are associ-
ated with reductions in both systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP). 
From the seven clinical trials, there was a mean 
SBP reduction of −4.8 mmHg (95% CI = [−6.6, 
−3.1]; p < 0.001) and DBP by −2.2 mmHg (95% 
CI = [−3.5, −1.0]; p < 0.001). From the 32 obser-
vational studies, there was a mean SBP reduction 
of −6.9 mmHg (95% CI = [−9.1, −4.7]; p < 0.001) 
and DBP of −4.7 mmHg (95% CI = [−6.3, −3.1]; 
p < 0.001) [37]. Overall consumption of a health-
ful, PBD is associated with a reduction in blood 
pressure and risk for HTN.
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 Cerebrovascular Accident (Stroke)

Stroke is one of the leading causes of death and 
disability in the world [27]. Among the many risk 
factors associated with stroke, HTN is the stron-
gest risk factor (OR: 2.98; 99% CI = [2.72, 3.28]) 
[40]. Given the association between PBDs and 
reduction of several aspects of CVD, including 
HTN [37], a PBD is also implicated in the reduc-
tion of stroke risk. A meta-analysis from Hu et al. 
found that higher consumption of fruits and veg-
etables was associated with reduced stroke risk 
(RR: 0.79; 95% CI = [0.75, 0.84]) [41]. Studies 
have found that dietary intake of fish might be 
protective against stroke [42, 43]. These find-
ings corroborate studies on stroke prevention 
using the Mediterranean Diet, which includes 
fish along with a high fruit/vegetable diet. The 
Mediterranean Diet has been strongly associ-
ated with stroke risk reduction [11]. Analysis 
of the Adventist Health-2 study found a pesco- 
vegetarian diet to be superior to a nonvegetarian 
diet in reducing all-cause mortality [13], but not 
superior in reducing DM2 risk [44]. Further stud-
ies comparing a “plant-strict” diet to a “plant- 
with- fish” diet are warranted to assess stroke and 
CVD risk overall.

 Heart Failure

Evidence for the use of a PBD in HF prevention 
and treatment is somewhat limited. An analy-
sis of the REGARDS (REasons for Geographic 
and Racial Differences in Stroke) study cohort 
assessed cardiovascular outcomes from 16,068 
participants with no baseline CAD or HF who 
were categorized based on their general dietary 
pattern. The highest quartile of individuals adher-
ing to a “plant-based” diet category (vegetables, 
fruits, beans, fish) had a 41% lower risk of HF 
(both reduced (HFrEF) and preserved (HFpEF) 
ejection fraction) (HR: 0.59; 95% CI  =  [0.41, 
0.86]; p = 0.004) compared to the lowest quar-
tile. This was in contrast to those adhering to the 
highest quartile of a “southern-diet” (fried food, 
organ meats, processed meats, added fats, sugar 
sweetened beverages), which had 72% higher 

risk of HF (HR: 1.72; 95% CI  =  [1.20, 2.46]; 
p = 0.005) [45]. Although the “plant-based” cat-
egory in this study included fish, the study sup-
ports the protective effect of fruits and vegetables 
in preventing HF. While other studies have also 
implicated the beneficial effects of fruits and veg-
etables in preventing HF [46], further evidence is 
needed to support a PBD specifically in the pre-
vention and treatment of HF.

 Cardiovascular and All-Cause 
Mortality

Despite evidence supporting PBDs for reduc-
tion of certain cardiovascular outcomes (CAD, 
stroke, HTN, HF), evidence for the reduction 
of cardiovascular death (myocardial infarction, 
HF, stroke, hemorrhage, CV procedures) [47] 
and all-cause death is not definitive. An analy-
sis from the Adventist Health Study-2 (AHS-2; 
n = 73,308) found that a vegetarian diet reduced 
the risk of all-cause death when compared to a 
nonvegetarian diet (HR: 0.88; 95% CI  =  [0.80, 
0.97]). However, a significant reduction in car-
diovascular mortality was only observed for 
men (HR: 0.71; 95% CI = [0.57, 0.90]) and not 
women (HR: 0.99; 95% CI = [0.83, 1.18]) [13]. 
In an analysis of the NHANES III (National 
Health and Nutrition Examination Survey III) 
dataset, mortality risk was stratified based on 
scores on a general PDI, hPDI and uPDI. Neither 
PDI nor uPDI was associated with all-cause mor-
tality; however, there was a reduction in all-cause 
mortality for every 10-point increase in the hPDI 
for individuals above the median score (HR per 
10-unit increase in hPDI: 0.95; 95% CI = [0.91, 
0.98]). There was no association between PDI, 
uPDI, or hPDI and cardiovascular mortality [15].

A meta-analysis of five studies by Huang et al. 
found that a vegetarian diet was associated with 
a lower risk for ischemic heart disease mortality 
(RR: 0.71; 95% CI  =  [0.56, 0.87]) when com-
pared to nonvegetarian diets. However, reduction 
in CVA (RR: 0.88; 95% CI =  [0.70, 1.06]) and 
all-cause mortality (RR: 0.91; 95% CI  =  [0.66, 
1.16]) was not significant [48]. Furthermore, 
another meta-analysis of seven studies by Kwok 
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et al. found similar results: a significant reduction 
in ischemic heart disease risk (RR: 0.71; 95% 
CI = [0.57, 0.87]), but not cerebrovascular (RR: 
0.93; 95% CI =  [0.70, 1.23]) or all-cause death 
(RR: 0.87; 95% CI  =  [0.68, 1.11]) [35]. While 
there appears to be evidence in support of PBDs 
lowering ischemic heart disease mortality, further 
studies are needed to elucidate more conclusive 
evidence in favor of a PBD for both overall car-
diovascular and all-cause mortality reduction.

 Type 2 Diabetes Mellitus

PBDs have been shown to lower the risk of devel-
oping DM2. The Adventists Health Study-2 doc-
umented the incidence of diabetes in 15,200 men 
and 26,187 women over 2 years. Participants did 
not have diabetes at the time of enrollment and 
were grouped based on their self-reported dietary 
practices. The following diets had a lower risk 
of incident diabetes compared to nonvegetarians 
in the following order: vegans (OR: 0.381; 95% 
CI = [0.236, 0.617]), lacto-ovo-vegetarians (OR: 
0.618; 95% CI =  [0.503, 0.760]), and semiveg-
etarians (OR: 0.486; 95% CI =  [0.312, 0.755]). 
A pesco-vegetarian diet (OR: 0.790; 95% 
CI  =  [0.575, 1.086]) was not statistically supe-
rior to a nonvegetarian diet in preventing diabetes 
[44]. An analysis of participants from the Nurses’ 
Health Study 2 (n = 90,239 women) and the Health 
Professionals Follow-Up Study (n = 40,539 men) 
assessed risk of DM2 based on stratification of 
diet using plant-based diet indices (PDI = plant-
based diet index; hPDI  =  healthful plant-based 
diet index; uPDI = unhealthful plant-based diet 
index). These indices value healthy plant-based 
foods positively and unhealthy plant-based or 
animal products unfavorably. They found that 
PDI and hPDI scores were inversely associated 
with DM2 (HR: 0.51; 95% CI  =  [0.47, 0.55], 
p < 0.001), and uPDI scores were directly associ-
ated with DM2 risk (HR: 1.16; 95% CI = [1.08, 
1.25], p  <  0.001). The same associations were 
found between these dietary indices and the risk 
of CHD [49]. Thus, a diet that is more limited in 
animal products confers the lowest risk of devel-
oping diabetes, a vegan diet conferring the low-

est risk and a nonvegetarian diet conferring the 
highest risk.

Other studies have demonstrated the benefit of 
a PBD in lowering HbA1C [50, 51, 52]. Yokoyama 
et al. performed meta-analysis of six controlled 
trials/randomized control trials (RCTs) studying 
the use of vegetarian diets in glycemic control 
in DM2. Consumption of a vegetarian diet was 
associated with a significant reduction in HbA1C 
(−0.39%; 95% CI = [−0.62, −0.15]; p = 0.001) 
[21]. Reductions in insulin resistance have also 
been reported in association with PBDs [22].

 Atherogenic Lipids (LDL-C 
and non-HDL-C)

Elevated atherogenic lipid levels, particularly 
LDL-C, are strongly associated with vascular 
endothelial cell dysfunction, progression of ath-
erosclerotic disease, and poor cardiovascular 
outcomes [1]. Foods that are high in saturated fat 
and cholesterol, such as meat and dairy products 
[5], can promote both the elevation of LDL-C and 
its oxidation [53]. Thus, the benefits of a PBD in 
lowering LDL-C are partly related to consuming 
a diet that is low in saturated fat and cholesterol, 
which is found in much smaller quantities in 
plant foods.

The association between plant-based nutri-
tion and lowering of LDL-C, TC, and non-HDL-
C has been thoroughly reported in the literature 
over the past few decades [19, 32, 54, 55]. The 
Lifestyle Heart Trial (1998) conducted by Ornish 
et  al. was among the first RCTs to test a PBD 
intervention in lieu of lipid-lowering (statin) 
therapy. The intervention consisted of a 10% fat 
vegetarian diet in addition to moderate aerobic 
exercise, stress management, and smoking ces-
sation. Whereas there were no significant differ-
ences at baseline, at 1 year there were significant 
differences in atherogenic lipid levels between 
the experimental and control groups; LDL-C 
(143.8 mg/dL vs. 86.56 mg/dL, p = 0.003) and 
TC (225.1  mg/dL vs. 162.9  mg/dL, p  =  0.004) 
were reported in the experimental group (n = 20) 
compared to control (n = 15), respectively [32]. 
The GEICO study was a more recent multicenter 
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RCT (2013) conducted with employees from a 
large insurance company, implementing a low 
fat (<3 g fat per serving), PBD free from animal 
products, and encouraging foods of low glycemic 
index [56]. After the 18-week study period, there 
was a significant difference between the interven-
tion (n = 142) and control group (n = 149) in the 
reduction of LDL-C (−8.1 mg/dL vs. −0.9 mg/
dL, p < 0.0001) and TC (−8.0 vs. −0.1 mg/dL, 
p < 0.0001) [50].

A meta-analysis performed by Yokohama 
et al. assessed 19 clinical trials and 30 observa-
tional studies in which a plant-based/vegetarian 
diet was implemented, and serum lipid levels 
were assessed. Amongst the observational stud-
ies (n = 30), a vegetarian diet was associated with 
significant reductions in mean TC (−29.2 mg/
dL; 95% CI  =  [−34.6, −23.8]; p  <  0.001); 
LDL-C (−22.9 mg/dL; 95% CI  =  [−27.9, 
−17.9]; p  <  0.001); HDL-C (−3.6 mg/dL; 95% 
CI  =  [−4.7, −2.5]; p  <  0.001); and a nonsig-
nificant reduction in triglycerides (−6.5 mg/dL; 
95% CI  =  [−14.0, 1.1]; p  =  0.092) compared 
with consumption of omnivorous diets. Among 
the clinical trials (n = 19), vegetarian diets were 
associated with reduction in mean TC (−12.5 mg/
dL; 95% CI  =  [−17.8, −7.2]; p  <  0.001); 
LDL-C (−12.2 mg/dL; 95% CI = [−17.7, −6.7]; 
p  <  0.001); and HDL-C (−3.4 mg/dL; 95% 
CI  =  [−4.3, −2.5]; p  <  0.001) and a nonsig-
nificant increase in triglyceride concentration 
(5.8 mg/dL; 95% CI = [−0.9, 12.6]; p = 0.090), 
compared with consumption of omnivorous diets 
[19]. A meta-analysis by Wang et al. of 11 RCTs 
utilizing vegetarian diet interventions similarly 
demonstrated significant reductions in LDL-C, 
non-HDL-C, and HDL-C, with nonsignificant 
changes in triglyceride levels [20].

 HDL-C and Triglycerides

In addition to evidence supporting significant 
reductions in LDL-C, vegetarian/PBDs have also 
been associated with reductions of the “good 
cholesterol” HDL-C [19, 20, 55] without car-
diovascular detriment. Overall, the mechanism 
of dietary factors on HDL-C levels is unclear; 

replacing carbohydrates with polyunsaturated, 
monounsaturated, and saturated fat has been 
associated with greater HDL-C levels [57]. PBDs 
tend to be lower in fatty acid content and higher 
in carbohydrates, which could potentially con-
tribute to lowering HDL-C.

The results from two meta-analyses [19, 20] 
found that PBDs might be ineffective in reduc-
ing serum triglycerides. In both analyses, studies 
were selected based on implementation of a PBD 
(including keywords “vegetarian” and “vegan”) 
and did not stratify based on baseline triglyceride 
levels or caloric intake. The meta-analysis from 
Yokoyama et  al. found nonsignificant changes 
in serum triglycerides in clinical trials (n  =  19 
studies; 5.8 mg/dL; 95% CI  =  [−0.9, 12.6]; 
p  =  0.090) and observational studies (n  =  30 
studies; −6.5 mg/dL; 95% CI  =  [−14.0, 1.1]; 
p = 0.092) [19]. A meta-analysis by Wang et al. 
of 11 clinical trials of vegetarian diets also found 
a nonsignificant change in serum triglycerides 
(0.04 mmol/L; 95% CI = [−0.05, 0.13]; p = 0.40) 
[20]. Prior studies have found that replacing fat 
with carbohydrates might significantly increase 
serum triglycerides [58]. PBDs encompass a wide 
variation of carbohydrate consumption, with an 
emphasis on limiting refined carbohydrates and 
added sugars. One randomized parallel trial com-
pared a low-carbohydrate PBD to a high-carbo-
hydrate lacto-ovo-vegetarian diet and found that 
triglycerides were significantly lower in the low-
carbohydrate diet compared to the high-carbohy-
drate (−29.2% vs. −17.8%; p = 0.02), with both 
groups demonstrating reductions in triglycerides 
over the study period [59]. Further studies are 
needed to elucidate the role of PBDs in affecting 
serum triglycerides, with emphasis on the role of 
carbohydrate consumption.

 Biochemical Mechanisms

Aside from reductions in serum atherogenic 
lipids, PBDs exert their beneficial effects on 
cardiovascular health through several proposed 
mechanisms. Plant-based foods are associ-
ated with higher intake of certain vitamins and 
 bioactive compounds that are anti-atherogenic 
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while lacking pro-atherogenic compounds found 
in animal products.

 Polyphenols and Fiber

Polyphenols, which can be further classified into 
flavonoids and phenolic acids, are found in higher 
amounts in many plant-based foods (fruits, vege-
tables, berries, nuts, tea, coffee) and are associated 
with a decreased risk of CAD [60]. Polyphenols 
have been implicated in reducing LDL-oxidation, 
inflammation, cell-adhesion, foam cell formation, 
and platelet adhesion [61]. They might also be 
involved in enhanced vascular endothelial nitric 
oxide (NO) release, which is protective against 
endothelial cell dysfunction and atherosclero-
sis [62]. A meta-analysis by Rienks et al. found 
that increased polyphenol biomarker levels were 
associated with decreased risk for all cause (0.70; 
95% CI  =  [0.53, 0.93]) and CVD (0.55; 95% 
CI = [0.37, 0.82]) mortality [63].

The high amount of fiber found in a PBD 
might also contribute to its beneficial effects on 
cardiovascular health. Higher dietary fiber leads 
to more satiety and less caloric consumption 
[64]. Fiber has also been shown to alter choles-
terol synthesis, increase bile-acid synthesis, and 
promote bile-acid excretion [65, 66]. This cor-
roborates findings that increased fiber consump-
tion can lower serum lipids [65] and subsequently 
reduce the risk for CVD [67]. Studies have also 
shown that fiber leads to better insulin responses 
and a lower risk of DM2 [68]. Plant-based foods 
are also rich in vitamin C, vitamin E, potassium, 
antioxidants, and magnesium [69].

 Avoiding Pro-atherogenic 
Compounds

The benefits of a PBD are also derived from avoid-
ance of certain compounds that are found in higher 
abundance within animal-based foods. Saturated 
fats are found in high abundance in many animal-
based foods (beef, chicken, pork, cheese, butter) 
and are associated with elevated atherogenic lipid 
levels [5], particularly LDL-C [53]. Furthermore, 

saturated fats might be involved in increasing 
inflammation via TLR4 (toll-like receptor 4) sig-
naling, enhancing intestinal epithelium leakage via 
microbial changes and translocation of lipopoly-
saccharide, thereby increasing systemic inflam-
mation [70]. Conversely, polyunsaturated fatty 
acids (PUFAs), such as omega-3 and omega-6 
fatty acids, are associated with anti-inflammation 
and decreased CAD risk [71]. PUFAs are found 
mostly in fish but are also present in pine nuts, 
walnuts, sunflower seeds, flaxseed, and several 
vegetable oils [72]. In a meta-analysis by Farvid 
et  al., consumption of linoleic acid, an omega-6 
fatty acid, was associated with 15% lower CHD 
events (RR: 0.85; 95% CI = [0.78, 0.92]) and 21% 
lower CHD deaths (RR: 0.79; 95% CI  =  [0.71, 
0.89]) in the highest consumption group compared 
to the lowest [73]. Dietary cholesterol, which is 
found predominantly in animal products, has been 
the subject of controversy with regard to its asso-
ciation with CVD [74]. Limiting intake of dietary 
cholesterol is included in some dietary recom-
mendations for cardiovascular health, and heart- 
healthy dietary patterns, such as the Mediterranean 
Diet and the DASH diet, tend to be low in dietary 
cholesterol [74].

Trimethylamine-N-oxide (TMAO), a com-
pound derived from gut microbiome metabolism 
of l-carnitine (present in red meat), is associated 
with increased risk of inflammation, atheroscle-
rosis, myocardial infarction, stroke, and death 
[9]. Consumption of a PBD has been shown to 
reduce TMAO levels [75]. Other factors in meat 
that might contribute to CVD risk are heme-
iron [6, 76] chemical contaminants (e.g., het-
erocyclic amines and hydrocarbons [77], and 
N-glycolylneuraminic acid (Neu5Gc) [10]).

 Potential Shortfalls of a Plant-Based 
Diet

Protein

One concern which has been expressed with 
regard to PBDs is risk of protein deficiency. 
Although protein is found in higher quantities 
in animal products, protein can be sufficiently 
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derived from plant products such as beans, 
legumes, brown rice, quinoa, and soy (Table 6.1). 
People who eat a PBD are not at risk for protein 
deficiency [78].

 Iron

Iron, a mineral essential for hemoglobin produc-
tion, is found in the form of heme-iron in ani-
mal products, which is more bioactive and easily 
absorbed, whereas plant-based iron is mostly 
less active non-heme-iron [79]. However, iron 
deficiency is not more prevalent amongst vegans 
compared to omnivores [80]. Iron is found suf-
ficiently in several plant-based foods, including 
leafy green vegetables, tomatoes, and beans [81] 
(Table 6.1). Furthermore, increased consumption 
of ascorbic acid (vitamin C) in a PBD increases 
the absorption of iron [82]. Of note, heme-iron 
has been associated with poor cardiovascular 
health and outcomes [76].

 Zinc

Zinc is essential for proper gastrointestinal, 
immune, skeletal, and nervous system function 
[83]. Individuals eating a PBD are considered 
to be at risk for zinc deficiency due to higher 
consumption of phytates, which make zinc less 
bioavailable. The same plant-based foods that 
are high in zinc (grains, seeds, and legumes) 
also contain phytates (Table 6.1) [84]. However, 
existing studies have shown that there might be 
no difference in zinc status between vegetarians 

and omnivores, although this is not conclusive 
[85]. Furthermore, the effects of zinc deficiency 
are not well understood, and there seems to be 
no supporting evidence that a vegan/vegetarian 
diet is associated with zinc-related systemic defi-
ciencies [85], including immunologic deficien-
cies [86].

 Vitamin D

Vitamin D is a fat-soluble vitamin that is needed 
for proper calcium, phosphorus metabolism, 
and bone health [87]. Vitamin D2, which is the 
form found in plants, is less bioavailable than 
vitamin D3, which is found in animal products; 
thus, individuals adhering to a PBD might be at 
higher risk of vitamin D deficiencies. Vitamin D 
deficiency can manifest as muscle pain, fatigue, 
depression, and bone malformation if chronic 
(rickets). An analysis of the EPIC-Oxford study 
found that vegans have roughly one-fourth the 
dietary vitamin D intake compared to omnivores 
[4]. However, an analysis of participants from the 
Adventist Health Study-2 found no differences 
in serum vitamin D levels based on vegetarian 
status [88]. Vitamin D deficiency can be avoided 
by the consumption of fortified cereals or supple-
mentation (Table 6.1).

 Vitamin B12

Vitamin B12 (cobalamin) is necessary for proper 
neuronal function, cell division, and red blood 
cell formation [89]. Vitamin B12 is synthesized 

Table 6.1 Plant-based dietary sources of nutritional elements

Protein Iron Zinc Vitamin D Vitamin B12
Beans
Legumes
Brown 
rice
Quinoa
Soy
Nuts

Leafy green 
vegetables
Tomatoes
Beans

Grainsa

Seedsa

Legumesa

Fortified cereals
Fortified plant-based milk (e.g., 
soy, almond)
Maitake/Portobello mushrooms

Fortified cereals
Nutritional yeast
Fortified plant-based milk (e.g., 
soy, almond)

Though the use of supplements is also a valid source of protein, iron, zinc, and vitamins D and B12, this table describes 
their plant-based sources for dietary consumption
aAlso contains phytates which reduce the bioavailability of zinc
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by microorganisms that are almost exclusively 
found in animal products. Thus, individuals eat-
ing a PBD are at risk for B12 deficiency [90]. 
Vitamin B12 deficiency (<150 pmol/L) [91] can 
result in an increase in red blood cell mean cor-
puscular volume and macrocytic anemia. It can 
also lead to myelin degeneration and neuronal 
dysfunction [92]. In a meta-analysis of 20 stud-
ies assessing B12 status in vegans and vegetar-
ians, B12 deficiency rates were reported between 
0% and 81% of individuals; the wide variation 
in deficiency could be attributable to differences 
in deficiency definition, consumption of fortified 
foods, or PBD constitution [3].

B12 deficiency has been associated with 
increased CVD risk through a buildup of homo-
cysteine, a metabolic intermediate that is con-
verted to the amino acid methionine in a B12 
dependent process. Homocysteine, which may be 
elevated in vegetarian populations [93], is inde-
pendently associated with an increased risk for 
ischemic heart disease and stroke [94]. Proposed 
mechanisms of the relationship between homo-
cysteine and CVD are increased generation of 
atherogenic reactive oxygen species, lower vas-
cular endothelial cell nitric oxide (NO) synthesis 
[95], and increased inflammation [96]. Vitamin 
B12 deficiency is treated through supplementa-
tion or fortification. Individuals ascribing to a 
lacto-ovo-vegetarian diet can obtain B12 through 
dairy products, particularly fortified milk and 
eggs. However, individuals ascribing to vegan 
diets that completely abstain from animal prod-
ucts may seek supplementation through over-
the- counter B12 supplements or fortified cereal/
plant-based milk (Table 6.1).

 Specific Plant-Based Diets 
and Lifestyle Programs

Given the potential CV benefits of adopting a 
PBD style, there has been much interest in devel-
oping comprehensive diet and lifestyle programs 
based around a PBD. The following section con-
siders the scientific evidence underlying several 
popular PBD and lifestyle programs: Pritikin, 
Ornish, Esselstyn, and Barnard. While the poten-

tial benefits of these PBD and lifestyle programs 
are clear, additional research is needed in order to 
fully determine their impact on CVD risk.

 The Pritikin Diet

The Pritikin diet has been used since the late 
1970s as a means of prevention and treatment 
of CVD as well as a mechanism of glucose con-
trol in those with prediabetes or DM2 [97]. The 
Pritikin diet and lifestyle program is also a com-
ponent implemented in certain cardiac rehabilita-
tion programs in the United States [98].

 Dietary Components
The Pritikin diet is briefly defined as a low fat, 
high fiber predominantly PBD regimen, although 
certain animal products exist in the dietary rec-
ommendations (Fig.  6.1). The components of 
the Pritikin diet are broken into a three-category 
paradigm: the “go” foods, the “caution” foods, 
and the “stop” foods. The foods that are encour-
aged without restriction are fruits, vegetables, 
whole grains, starchy vegetables, legumes, lean 
calcium- rich foods (including nonfat dairy), fish, 
and lean protein such as tofu or white skinless 
poultry. The caution foods, or foods to be eaten 
in small quantities only on occasion, include oils, 
refined sweeteners, salt, and refined grains. The 
foods to be avoided completely include saturated 
fat-rich foods, organ meats, processed meats, 
cholesterol rich foods (e.g., egg yolks), and par-
tially hydrogenated vegetable oils [99]. With the 
Pritikin diet, 75–80% of the calories consumed 
in a day are recommended to be from carbohy-
drates, 10–15% of calories should be from pro-
tein, and less than 10% from fat [97] (Table 6.2).

 Potential Benefits
The Health, Aging, and Body Composition Study 
is a prospective cohort study of dietary patterns in 
3075 older adults. Longevity and quality of life 
assessed over a 10-year period were found to be 
significantly higher in those following a Pritikin 
style diet (high in low-fat dairy products, fruit, 
whole grains, poultry, fish, and vegetables; lower 
in meat, fried foods, sweets, high-energy drinks, 
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and added fat) compared to those who reported 
high fat dairy and sweets and desserts as part of 
their diet [100]. A single arm study of 67 patients 
with metabolic syndrome was conducted as 
they attended the Pritikin Longevity Center for 
12–15  days. After their time eating the Pritikin 
diet combined with regular exercise, the treated 
patients displayed a decrease in systolic (14.9% 
mean reduction, p < 0.001) and diastolic (8.9% 
mean reduction, p < 0.001) blood pressure, BMI 
(3% mean reduction, p < 0.001), blood glucose 
(11.6% mean reduction, p  <  0.001), and LDL 
cholesterol (10.9% mean reduction, p  <  0.001) 
[101]. A similar single arm study in overweight 

children also showed promising results incorpo-
rating the high-fiber, low-fat diet in combination 
with aerobic exercise. In 2 weeks, this regimen 
led to the reversal of metabolic syndrome in all 
7 of 16 participants who initially had it at base-
line [102]. A 1991 study of 4587 participants 
who attended the Pritikin Longevity Center for 
3 weeks revealed a significant average reduction 
(p < 0.01) in total cholesterol, LDL-cholesterol, 
non-HDL cholesterol, and triglycerides of 23%, 
23%, 24%, and 33%, respectively [103]. Single 
arm studies of chronic inflammation in patients 
staying at the Pritikin Longevity Center show 
that CRP is reduced by 45% in postmenopausal 

Pritikin

Esselstyn

Lean meats such as fish,
poultry
Low fat/non-fat dairy
Limit nuts

~75% of calories
from carbohydrates

Egg whites
<10% of calories
from fats

Fruits
Vegetables
Whole grains
Legumes
Avoid added sugars

No animal products

10% of calories
from fats

Avoid refined
carbohydrates

Recommends dietary
supplements to meet
omega-3 fatty acid intake

Virtually no animal
products

Nonfat dairy
No fatty oils (such as
olive oil or avocados)

•

•
•

•

•

•

•

•

•

•
•

•
•
•
•
•

•

•

Barnard Ornish

Fig. 6.1 Different 
plant-based diet styles 
comparing main dietary 
components

Table 6.2 Components of total caloric intake in representative plant-based diet styles

Esselstyn Ornish Pritikin Barnard
Fats Avoid all added oils, avocado, and nuts. 

Supplement with flaxseed
<10% <10% 10%

Carbohydrates Avoid refined carbohydrates. Consume 
whole grains

Low refined 
carbohydrates

75–80% 75%

Protein Avoid all fish, meat, poultry, and dairy. 
Consume legumes, lentils, vegetables

Egg whites and 
plant-based proteins

10–15% 15%

Sugars Avoid added sugars, syrups, fructose, and 
fruit juices. Consume whole fruits

Avoid added sugars Avoid added 
sugars

Avoid added 
sugars
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females (p < 0.01) [104] and 39% in males with 
metabolic syndrome factors (p  <  0.05) [105]. 
Because the Pritikin program is generally imple-
mented as a comprehensive lifestyle change, 
more data are also needed on the use of the stand- 
alone PBD in reducing CVD risk (Table 6.3).

 The Ornish Diet

The nutritional foundation of the Ornish Program 
consists of a low-fat, PBD with an emphasis on 
fruits, vegetables, whole grains, and legumes 
with an allowance of nonfat dairy and egg whites 
(Fig.  6.1). The Ornish diet is best known for 
its potential to improve several CVD risk fac-
tors including DM2, hypercholesterolemia, and 
HTN. The Ornish Program, which encompasses 

the Ornish Diet, is widely recognized and adopted 
as an authorized intensive cardiac rehabilitation 
program covered by Medicare [106, 107].

 Dietary Components
This diet has no caloric restrictions; however, 
there are some general guidelines outlining daily 
intake of macronutrients. Small-portioned, fre-
quent meals are encouraged. The diet limits 
highly processed carbohydrates such as sugar, 
concentrated sweeteners, white rice, and white 
flour to two servings/day. Alcohol is permitted 
but restricted to one serving/day classified as 
1.5 oz. of liquor, 4 oz. of wine, or 12 oz. of beer. 
The low-fat component of this diet is defined 
as no more than 10% of daily calories from fat 
(Table 6.2). The 10% of fat intake should derive 
from naturally occurring fats in fruits, grains, 

Table 6.3 Representative clinical studies and their outcomes for the Pritikin, Ornish, and Barnard diets

Study name

Sample size 
(n), patient 
characteristics Intervention

Study 
type Key outcomes

Magnitude 
of effect p-Value

Effect of short-term 
Pritikin diet on the 
metabolic syndrome
Sullivan, S. and 
Klein, S. 2006 [101]

67 patients 
with metabolic 
syndrome

Attended Pritikin 
Longevity Center 
and Spa for 
12–15 days 
(single-arm study)

Cohort, 
single 
arm

BMI −3.4% p < 0.001
Blood pressure −14.9% 

(systolic) 
and − 8.9% 
(diastolic)

p < 0.001

Glucose −11.6% p < 0.001
LDL-C −10.9% p < 0.001
HDL-C −3.3% p < 0.05

A low-fat vegan diet 
improves glycemic 
control and 
cardiovascular risk 
factors
Barnard et al. 2006 
[52]

99 individuals 
with type 2 
diabetes

ADA diet (n = 50) 
or “Barnard” low 
fat vegan diet 
(n = 49) for 
22 weeks

RCT Vegan vs. ADA
LDL-C −21.2% vs. 

−10.7%
p = 0.02

Body weight −6.5 kg vs. 
−3.1 kg

p < 0.001

HbA1C −1.23 vs. 
−0.38

p = 0.01

LIFESTYLE Heart 
Trial
Ornish et al. 1990 
[112]

48 individuals 
with CHD

Ornish diet 
(low-fat; 
plant-based; 
n = 28) or
Usual care 
(n = 20) for 
12 months

RCT Ornish vs. usual care
Coronary artery 
diameter stenosis 
(by QCA)

−1.75% vs. 
2.28%

p = 0.02

Body weight −10.1 kg vs. 
1.4 kg

p < 0.0001

LDL-C −26.28 mg/
dL vs. 
4.5 mg/dL

p < 0.0001

Apolipoprotein 
B

−24 mg/dL 
vs. 0.1 mg/
dL

p = 0.0104

(continued)
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vegetables, beans, and legumes, with minimal 
amounts of nuts and seeds. These fats can also 
come from supplements such as fish oil, flax-
seed oil, and plankton-based omega-3 fatty acids. 
Some key sources of protein recommended for 
this diet are legumes, beans, nonfat dairy, tofu, 
and egg whites (Fig. 6.1) [107].

 Adherence
The Alternate Healthy Eating Index (AHEI) was 
created as a modified version of the original 
Healthy Eating Index (HEI) to evaluate the adher-
ence to Dietary Guidelines for Americans and 

assess the quality of food intake rather than just 
the macronutrient percentages [108]. Amongst 
eight of the most popular diet plans in the USA 
including Atkins, Weight Watchers, South Beach 
diet, and more, the Ornish plan had the highest 
AHEI score (score 6.9) due to its balanced inte-
gration of fruits, vegetables, and whole grains, all 
while maintaining low transfat intake [109]. This 
score was then developed to be used as a predic-
tor for major chronic disease, with an emphasis 
in CVD risk. There was a significant 20% and 
11% reduction in all major chronic diseases, 
encompassing CVD, of those in the top quintile 

Table 6.3 (continued)

Study name

Sample size 
(n), patient 
characteristics Intervention

Study 
type Key outcomes

Magnitude 
of effect p-Value

Comparison of the 
Atkins, Ornish, 
Weight Watchers 
(WW), and Zone 
Diets for Weight 
Loss and Heart 
Disease Risk 
Reduction
Dansinger et al. 
2005 [111]

A total of 160 
participants
4 groups; 
n = 40 per 
group

Participants 
randomized into 
one of four diets
  Atkins 

(carbohydrate 
restriction)

  Zone 
(macronutrient 
balance)

  WW (calorie 
restriction)

  Ornish (fat 
restriction)

After 12 months of 
maximum effort, 
participants 
selected own 
levels of dietary 
adherence

RCT Mean change in 
body weight

Atkins: 
−2.1 kg
Zone: 
−3.2 kg
WW: 
−3.0 kg
Ornish: 
−3.3 kg

p value for 
trend across 
all diets 
(0.40)

LDL:HDL 
cholesterol ratio

Atkins: 
−0.39
Zone: −0.40
WW: −0.55
Ornish: 
−0.31

p value for 
trend across 
all diets 
(0.92)

Total fat intake 
baseline vs. 
end-of-study 
comparison

Baseline vs. 
12 mos.
Atkins: 
78.0 g/day 
vs. 85.0 g/
day
Zone: 
81.1 g/day 
vs. 71.5 g/
day
WW: 82.1 g/
day vs. 
64.0 g/day
Ornish: 
75.5 g/day 
vs. 64.0 g/
day

p < 0.3 
between 
groups

WW Weight Watchers, QCA Quantitative coronary angiography
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when compared to the bottom in both male and 
female participants, respectively [110].

In a long-term randomized controlled trial, 
adherence to comprehensive diet and lifestyle 
change was observed via self-reported partici-
pant food logs where patterns of macronutrient 
intake as well as caloric reduction were assessed 
from baseline to 1 year. The mean caloric reduc-
tion was statistically significant in all groups 
(p  <  0.05), and the Ornish group had a mean 
daily caloric intake reduction of 192 calories at 
1  year [111]. Forty-eight participants were fol-
lowed for 5 years with 28 participants in the arm 
that required comprehensive diet and lifestyle 
changes, including the Ornish diet, and the other 
20 participants in a control group with only mod-
erate diet and lifestyle changes. The results for 
the experimental group revealed that the percent-
age of energy intake composed of fat (percent-
age of fat intake) saw an exaggerated downward 
trend when compared to the control. The control 
group started at a 30.52% fat intake in baseline 
and decreased to 26.76% at the year mark. After 
5 years, the control group finished with a 25.03% 
of the daily energy intake that consists of fat 
(p < 0.001). For the experimental group, the per-
centage of fat intake started at 29.71% at base-
line and decreased to 6.22% at the year mark, 
and after 5 years, saw a slight increase to 8.51% 
(p < 0.001) (Table 6.3) [111].

 Cardiovascular Risk Outcomes
The nature of the macronutrient intake and the 
high adherence for the Ornish diet likely con-
tribute to improvements in CVD risk factors 
such as weight, LDL-C, and blood pressure 
[32, 107]. As discussed above, the Lifestyle 
Heart Trial of the Ornish lifestyle intervention 
exhibited reductions in serum atherogenic lip-
ids in addition to evidence of reduction in aver-
age percent diameter stenosis in CAD by QCA 
(Table 6.3) [32, 112].
A study (n = 120) compared weight loss and car-
diovascular outcomes from four popular diets: 

Zone, Weight Watchers, Atkins, and Ornish. 
Individual’s weights were evaluated at 2, 6, and 
12  months. It was found that the individuals 
randomly assigned to the Ornish Diet (n  =  40) 
experienced a mean weight loss of 3.3 kg which 
averaged the greatest weight loss of all four diet 
categories. The same study demonstrated that 
the Ornish Diet, as well as the other three diets, 
significantly lowered the LDL/HDL choles-
terol ratio by 10% on average at 12 months (all 
p < 0.05) (Table 6.3) [113].

 Dr. Esselstyn’s Plant-Based Diet

Another PBD program for CVD prevention 
is the Esselstyn Diet (Dr. Caldwell Esselstyn 
Plant- Based Nutrition Program for the Reversal 
of CAD). The nutritional intake of this diet is 
vegetarian and consists mainly of fruits, vegeta-
bles, legumes, and whole grains. This diet com-
pletely prohibits animal products and therefore 
recommends organic dietary supplements such 
as flaxseed meal to meet recommended daily 
intake amounts of omega-3 fatty acids. In addi-
tion to meat, this diet also discourages foods with 
added amounts of salt as well as sugars such as 
sucrose and fructose (Table 6.2; Fig. 6.1) [114]. 
In a study conducted in 198 participants diag-
nosed with CVD, participants were counseled 
for a PBD with the aforementioned guidelines. 
The study revealed that of the 198 participants, 
177 of them were able to adhere to the diet and 
that this group had a lower rate of major cardiac 
events compared with the 21 participants who 
were nonadherent [115]. A small pilot study 
conducted by Dr. Esselstyn and colleagues pre-
scribed a plant- based nutritional program in 
addition to lipid- lowering drugs to 22 patients 
with CAD. The study revealed that all 17 adher-
ent patients demonstrated evidence of potential, 
favorable changes in coronary artery plaque (by 
coronary angiography- based estimates of mean 
arterial stenosis and minimal lumen diameter) 
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[116]. While these findings are promising, addi-
tional research, including randomized-control tri-
als, are needed to further examine the impact of 
this diet style on CVD risk.

 Dr. Barnard’s Vegan Diet

Dr. Neal Barnard is a psychiatrist and author in 
the field of diet and preventative medicine and has 
advocated for implementation of the “Barnard 
Diet”: a low-fat vegan diet. In a 72-week clini-
cal trial, Barnard et  al. focused on the differ-
ence in outcomes when patients with DM2 eat 
the standard recommended diabetes diet versus 
a low-fat vegan diet. The prescribed vegan diet 
allowed 10% of calories from fat, 75% from car-
bohydrates, and 15% from protein. The conven-
tional diabetes diet, following the 2004 American 
Diabetes Association (ADA) guidelines, con-
sisted of 15–20% protein, <7% saturated fat, 
60–70% carbohydrate and monounsaturated 
fats, and cholesterol ≤200  mg/day (Fig.  6.1; 
Table 6.2). While both groups did experience sig-
nificant weight loss and improvement in plasma 
lipids, the vegan group showed more improve-
ment than the standard diabetes diet [117]. After 
22 weeks of the intervention diet and the ADA 
diet, it was found that in individuals with type 2 
diabetes, the vegan diet resulted in a significantly 
greater reduction in LDL levels (p = 0.02), body 
weight (p < 0.001), hemoglobin A1C (p = 0.01), 
and urinary albumin levels (p = 0.013) compared 
to the ADA group (when controlling for base-
line values and excluding those with medication 
changes) (Table  6.3) [52]. Interestingly, in the 
22-week study of the vegan diet versus the ADA 
diet, adherence to the diet was found to be 67% 
for the vegan group and 44% for the ADA diet 
group. The authors attribute the limited adher-
ence to the ADA diet to the fact that it limits por-
tion sizes of foods rather than simply prohibiting 
certain foods as the vegan diet does.
This diet was also tested in postmenopausal 
women against a control diet recommended by 
the National Cholesterol Education Program, 
resulting in significantly greater weight loss in 
the vegan diet group [118]. A 2004 study was 

conducted in which overweight, postmeno-
pausal women were randomized to either a low-
fat vegan diet or the more moderate National 
Cholesterol Education Program Step II (NCEP) 
diet for 14 weeks. When adherence was assessed, 
the vegan diet acceptability was high and not 
significantly less than the NCEP diet, suggesting 
that adherence is possible [122].

 Conclusion

A PBD is effective in lowering risk of CVD 
across several diseases and associated risk fac-
tors. Thus, consideration of a PBD in the arma-
mentarium of cardiovascular risk-lowering 
strategies is highly warranted. Discussing the 
adoption of a PBD with patients can become 
complex given the varying PBD options, willing-
ness to make dietary changes, and socioeconomic 
factors influencing access to plant-based food 
options [119]. In addition, many patients might 
find adherence to a PBD difficult, especially if 
it requires relinquishing a lifetime of habitual, 
familial, or cultural dietary practices [120]. Thus, 
a provider must closely consider the unique cir-
cumstances of each patient when attempting to 
prescribe a PBD regimen. An important facet of 
any therapeutic regimen is adherence [121], so 
constructing a PBD regimen for a patient must 
involve keen awareness of their willingness to 
incorporate it into their everyday life.

The Ornish, Pritikin, Barnard, and Esselstyn 
diets involve slight variations in their recommen-
dations for a PBD, such as variations in fat versus 
carbohydrate consumption and varying leniency 
in incorporating animal products. However, car-
diometabolic benefits have been shown for each 
diet in their study populations [32, 103, 116, 
117], although further research into the effects of 
these diet patterns is warranted. Given that car-
diovascular benefits are shown across a variety 
of healthy PBD profiles, the ideal PBD for reduc-
tion of CVD in an individual patient is one that 
ascribes closely to the preferences, motivations, 
values, and available food options for each indi-
vidual patient such that adherence, quality of life, 
and cardiovascular benefits are maximized.
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 Introduction

Since 1961, the American Heart Association has 
recommended reducing dietary saturated fat to 
reduce atherosclerotic cardiovascular disease 
(ASCVD) risk. This is due to the effect of satu-
rated fat on raising low-density lipoprotein (LDL) 
cholesterol, a major contributor to atherosclerosis 
[1]. Replacing saturated fat with polyunsaturated 
fat reduces the incidence of ASCVD in random-
ized control trials. Additionally, populations with 
diets low in saturated fat and high in unsaturated 
fat have lower rates of ASCVD [2, 3]. For the gen-
eral population, the current Dietary Guidelines for 
Americans recommend consuming less than 10% 
of calories from saturated fat. However, most 
Americans continue to consume more saturated 
fat than is recommended [4].

 Fatty Acids

Most fats have a hydrophobic center with fairly 
long carbon chains (Fig.  7.1). Lipids associate 
with each other and are not soluble in water. Fatty 
acids and cholesterol are simple lipids, whereas 
triglycerides and phospholipids are complex 

lipids. Differences in the metabolic effects of 
fatty acids can be attributed to their distinct bio-
chemical properties. Fatty acids are characterized 
by the number of carbon atoms and double bonds 
present in their chemical structures. Saturated 
fatty acids, such as stearic acid (C18:0), do not 
contain any double bonds. Monounsaturated 
fatty acids, such as oleic acid (C18:1), contain 
only one double bond. Polyunsaturated fatty 
acids, such as linoleic acid (C18:2), have at least 
two double bonds within their long hydrocarbon 
chains [5, 6].

The presence of only single bonds within 
saturated fatty acids creates a linear hydrocar-
bon chain that allows for these molecules to be 
packed together tightly, which causes them to 
be solid at room temperature. Double bonds in 
unsaturated fatty acids create kinks within the 
hydrocarbon tail which prevents tight packing of 
these molecules allowing them to remain liquid 
at room temperature [7].

Polyunsaturated fatty acids are further charac-
terized based on the location of the first carbon 
double bond. For example, omega-3 fatty (n-3) 
acids are polyunsaturated fatty acids in which the 
first double bond is located at the third carbon 
from the end of the molecule farthest from the 
carboxy (–COOH)-terminal. Fish oils are rich 

K. Han · K. J. Willams · A. C. Goldberg (*) 
Division of Endocrinology, Metabolism, and Lipid 
Research, Department of Medicine, Washington 
University School of Medicine, St. Louis, MO, USA
e-mail: agoldber@wustl.edu

7
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http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-78177-4_7&domain=pdf
https://doi.org/10.1007/978-3-030-78177-4_7#DOI
mailto:agoldber@wustl.edu


116

in omega-3 fatty acids, and plant oils are rich in 
omega-6 (n-6) fatty acids, both of which lower 
lipids. Most omega-3 and omega-6 fatty acids are 
essential (i.e., humans cannot synthesize them). 
Saturated fatty acids and some unsaturated fatty 
acids are nonessential [8]. Table  7.1 lists com-
mon food sources of major fatty acids.

Trans-fatty acids are monounsaturated or 
polyunsaturated fatty acids containing at least one 
double bond with hydrogens on opposite sides of 
the double bond (trans-configuration). This is in 
contrast to the cis-configuration in which the two 
hydrogen atoms adjacent to the double bond are 
on the same side (Fig. 7.2) [9].

 Oils High in Polyunsaturated Fatty 
Acids

Polyunsaturated fatty acids have two or more 
double bonds and exist in the n-3 or n-6 isomeric 
configurations (omega-3 or omega-6). Both of 

these forms are essential fatty acids. Overall, 
omega-6 fatty acids are more prevalent in the 
diet than omega-3 fatty acids. Walnuts, pine nuts, 
flaxseed, corn oil, and soybean oil are all high 
in polyunsaturated fatty acids. Fish oil contains 
very-long-chain omega-3 polyunsaturated fatty 
acids—eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA), which are found in 
salmon, trout, tuna, herring, and mackerel. The 
plant sources of omega-3 fatty acids include wal-
nuts and flax seeds [10].

 Soybean Oil

 Background and Biochemistry
Soybeans are the greatest source of edible oil 
in the world, and soybean oil accounts for most 
of the vegetable oil produced in the USA [11]. 
Soybeans are processed to extract the oil, and the 
remaining products are mostly used for animal 
feed. This oil is commonly used in cooking oil, 
salad dressings, margarines, and frying fats.

Soybean oil is predominantly a polyunsatu-
rated fat. Its content is 50% omega-6 polyun-
saturated fatty acid, linoleic acid (C18:2; n-6), 
and 7% omega-3 polyunsaturated fatty acid, 
α-linolenic acid (C18:3; n-3). The monounsatu-
rated fatty acid, oleic acid (C18:1), comprises 
23%, and the remaining 16% is saturated fatty 
acids (predominately palmitic acid) [12].

 Metabolic Effects and Cardiovascular 
Outcomes
Several studies show that replacing saturated 
fatty acids with soybean oil reduces cholesterol 
and decreases coronary heart disease [1]. One of 
these studies was the British Medical Research 

Table 7.1 Important fatty acids

Common name
Chemical 
structure Sources

Saturated fatty acids
Lauric C12:0 Coconut oil, palm 

kernel oil
Myristic C14:0 Butter fat, coconut 

oil
Palmitic C16:0 Butter, cheese, beef, 

pork
Stearic C18:0 Beef, pork, chocolate
Monounsaturated fatty acids
Oleic C18:1 Olive oil, canola oil, 

avocado, peanut oil
Polyunsaturated fatty acids
Omega-6 fatty 
acids
Linoleic C18:2 Soybean oil, corn oil, 

walnut oil
Omega-3 fatty 
acids
α-Linolenic acid C18:3 Canola oil, flaxseed 

oil, soybean oil, 
walnut oil

Eicosapentaenoic C20:5 Fatty fish: salmon, 
tuna, mackerel

Docosahexaenoic C22:6 Fatty fish: salmon, 
tuna, mackerel

CH3 CH3 CH3

CH3

C C C C

H H H

H

cis trans

Fig. 7.2 Cis- and Trans-Configuration
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Council study comparing a diet high in soybean 
oil with a diet high in saturated fat. Replacing 
saturated fat with soybean oil lowered total cho-
lesterol by 16% [1, 13]. The Finnish Mental 
Hospital Study compared a diet high in polyun-
saturated fat, mostly soybean oil, with one high 
in saturated fat and found lower risk of coronary 
heart death in the polyunsaturated fat group [1, 
14, 15]. Meta- analyses show that replacing sat-
urated fat with oils high in polyunsaturated fat, 
again primarily soybean oil, lowers coronary 
heart disease. Other observational studies have 
found that increased intake of α-linolenic acid 
is associated with decreased risk of cardiovascu-
lar disease [16]. The high α-linolenic acid com-
postion within soybean oil may contribute to its 
impact on decreasing coronary heart disease.

 Corn Oil

 Background and Biochemistry
Corn germ is the embryo of the corn kernel and 
the part from which corn oil is extracted. Various 
methods are used to extract oil from the germ, 
most frequently wet milling. [17] Corn oil has 
five times more plant phytosterols than extra vir-
gin olive oil, which contributes to its cholesterol 
lowering properties [18]. Corn oil has a high 
smoking point, making it useful for deep frying 
foods. It has a light color and is thus popular for 
salad dressings, cooking oil, mayonnaise, and 
margarines [19].

Corn oil is predominantly a polyunsaturated 
fat. It is composed of 53% linoleic acid (C18:2; 
n-6), 27% oleic acid (C18:1), and 13% saturated 
fatty acids (predominately palmitic acid) [12].

 Metabolic Effects and Cardiovascular 
Outcomes
Controlled feeding studies show that intake of 
corn oil results in a larger reduction in LDL- 
cholesterol compared to olive oil [18]. In one 
study, consumption of corn oil lowered LDL- 
cholesterol by 10.9% compared to the average 
American diet and by 3.5% compared to a diet 
supplemented with extra virgin olive oil [18]. 
Another study showed that diets using corn oil 
as the predominant fat had a reduction of LDL- 

cholesterol by 17% compared to a Western diet 
(compared to 16% reduction with canola oil and 
13% reduction with olive oil) [20]. Circulating 
apoliproprotein B levels were also lower in 
the corn oil group compared to the olive oil 
group. Apolipoprotein B is the primary pro-
tein in VLDL-cholesterol and LDL-cholesterol. 
Elevated levels of apolipoprotein B-containing 
lipoproteins are associated with increased risk 
of ASCVD, making apolipoprotein B a useful 
biomarker [21]. Wagner et al. showed that corn 
oil has more influence on lipoproteins compared 
to oils predominantly composed of monounsatu-
rated fatty acids [22]. This study was a 2-week 
feeding trial and found that a diet with corn oil as 
the main fat had lower LDL- cholesterol, VLDL-
cholesterol, and total cholesterol than diets using 
olive oil as the main fat. This is thought to be 
due to the high polyunsaturated fatty acid con-
tent, as well as the high phytosterol content of 
corn oil. The Wadsworth Hospital and Veterans 
Administration Center conducted a double-blind 
feeding trial comparing a conventional diet high 
in saturated fat to an experimental diet high in 
polyunsaturated fat (using corn oil along with 
soybean, high-linoleic safflower, and cottonseed 
oils). The experimental diet group had signifi-
cantly reduced combined primary and secondary 
cardiovascular endpoints including myocardial 
infarction, ischemic stroke, or sudden death [23]. 
However, a much smaller study by Rose et al. did 
not show a benefit of a corn oil diet [24].

 Walnut Oil

 Background and Biochemistry
In general, tree nut oils are low in saturated fats 
(with the exception of Brazil nut and cashew oils) 
and high in unsaturated fats. Most contain higher 
amounts of monounsaturated fatty acids than 
polyunsaturated fatty acids, except for Brazil 
nut and walnut oils. The predominant monoun-
saturated fatty acid in tree nut oils is oleic acid 
(C18:1), while the predominant polyunsaturated 
fatty acid is linoleic acid (C18:2) [25].

Compared to other tree nut oils, walnut oil 
contains the greatest ratio of polyunsaturated-to- 
monounsaturated fatty acids, with a higher omega-3-
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to-omega-6 ratio [25, 26]. Its fatty acid composition 
includes about 58% linoleic acid (C18:2; n-6), 14% 
linolenic acid (C18:3; n-3), 13% oleic acid (C18:1), 
and 9% saturated fatty acids [27].

 Metabolic Effects and Cardiovascular 
Outcomes
There has been extensive research on the effects 
of walnut consumption on lipids and lipoproteins. 
One meta-analysis, which included 26 trials, 
compared walnut consumption of 15–108 g/day 
to control (Western) diets for periods of 4 weeks 
to 1 year. Of the 26 studies, 6 were randomized 
parallel trials, and 20 had a crossover design. 
The analyses showed that walnut consumption 
was associated with a significant reduction in 
total cholesterol by about 7  mg/dL (p  <  0.001; 
3.25% greater reduction compared to controls), 
LDL-cholesterol by 5.5 mg/dL (p < 0.001; 3.73% 
reduction), triglycerides by 4.7 mg/dL (p = 0.03; 
5.5% reduction), and apolipoprotein B by nearly 
4 mg/dL (p = 0.008) [28].

These findings were further supported by a 
randomized, controlled, crossover feeding trial 
demonstrating that replacement of saturated fatty 
acids with polyunsaturated fatty acids from wal-
nuts significantly reduced total cholesterol, LDL- 
cholesterol, non-HDL-cholesterol, and diastolic 
blood pressure [29].

Another randomized, double-blind, placebo- 
controlled clinical trial demonstrated that adding 
15 mL of walnut oil per day to the diet of patients 
with type 2 diabetes was associated with sig-
nificant decreases in total cholesterol and LDL- 
cholesterol levels [30].

 Summary of Oils High 
in Polyunsaturated Fatty Acids

Several controlled trials have examined replac-
ing diets high in saturated fat with diets high in 
polyunsaturated fat. Prospective observational 
studies have shown that replacing carbohydrate 
or saturated fat intake with α-linoleic acid (the 
major polyunsaturated fatty acid in soybean and 
corn oil) lowers the risk of coronary heart disease 
and coronary heart disease-related deaths [2].

A recent meta-analysis examined four core 
trials that looked at replacing a diet high in 
saturated fat with one high in polyunsaturated 
fat (predominately soybean oil). The results 
showed that replacing saturated fat with oils 
high in polyunsaturated fat lowered coronary 
heart disease by 29% [4]. Other meta-analyses 
looking at the four core trials, along with other 
trials, have found reductions in CVD events by 
19–27% [31–33]. The amount of reduction in 
saturated fat was significantly associated with 
the decrease in CVD events, which is felt to be 
due to lower LDL- cholesterol. Reducing LDL-
cholesterol is a key focus in reducing CVD 
risk. In summary, replacing saturated fat with 
polyunsaturated fat lowers ASCVD risk more 
than replacing saturated fat with monounsatu-
rated fat.

 Oils High in Monounsaturated Fatty 
Acids

Monounsaturated fatty acids have one double 
bond. Oleic acid (C18:1) is an example of a 
monounsaturated fatty acid. Common sources 
of monounsaturated fatty acids include almonds, 
cashews, hazelnuts, pistachios, pecans, avocados, 
olive oil, canola oil, peanut oil, and high oleic 
sunflower and safflower oils. Monounsaturated 
fats are also part of animal fats like beef, chicken, 
and pork [10].

 Canola and Rapeseed Oil

 Background and Biochemistry
After palm oil and soybean oil, canola oil is the 
third major plant-based oil produced in the world 
[36]. Rapeseed oil is produced from the seed of 
the rape plant. Rapeseed oil naturally contains 
high levels of erucic acid (C22:1) which has been 
associated with myocardial lipidosis in rats. From 
selective plant breeding, rapeseed plants contain-
ing lower levels of erucic acid were  cultivated. 
These plants and their oils were named canola 
since they were first produced in Canada [37]. 
For an oil to be labeled as canola, the FDA has 
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mandated that no more than 2% of its fatty acid 
profile can come from erucic acid [38].

Canola oil consists of high levels of monoun-
saturated fatty acids and low levels of saturated 
fatty acids, including 60% oleic acid (C18:1; 
n-9), 20% linoleic acid (C18:2; n-6), 10% 
α-linolenic acid (C18:3; n-3), and < 7% saturated 
fatty acids [39]. It contains a 2:1 ratio of omega- 
6- to-omega-3 fatty acids, which some research-
ers suggest is a favorable balance that may have 
implications for lowering the risk of cardiovascu-
lar disease [40]. However, the ideal ratio has not 
been well defined, and there is greater consensus 
that increasing consumption of omega-3 fatty 
acids, including EPA and DHA, is more likely to 
improve cardiovascular outcomes than decreas-
ing intake of omega-6 fatty acids, such as linoleic 
and arachidonic acid [41].

Selective plant breeding has also produced 
high-oleic canola oils, in which increased lev-
els of monounsaturated fats replace a fraction of 
polyunsaturated fats. These varieties contain as 
much as 80–85% oleic acid, and this shift in fatty 
acid composition results in improved shelf-life 
and stability under high temperatures [42].

 Metabolic Effects and Cardiovascular 
Outcomes
A limited number of high-quality trials have 
examined the effects of canola oil on cardio-
metabolic markers [43]. One meta-analysis that 
included two randomized, controlled crossover 
trials and three randomized, controlled, paral-
lel studies comparing canola oil consumption to 
typical Western diets demonstrated that canola 
oil consumption was associated with a signifi-
cant decrease in total cholesterol by an average 
of 12% and LDL-cholesterol by 17%. No sig-
nificant changes were seen in HDL-cholesterol 
or triglyceride levels. This meta-analysis also 
examined four studies comparing the consump-
tion of canola oil to sunflower oil. There was no 
significant difference in the reduction of total 
cholesterol and LDL-cholesterol. In three studies 
that compared canola oil to olive oil consump-
tion, canola oil-based diets were associated with 
greater reductions in total cholesterol and LDL- 
cholesterol levels [44].

 Sunflower and Safflower Oil

 Background and Biochemistry
Safflower is a thistle-like annual plant predomi-
nantly grown in California. The seeds are occa-
sionally used as a substitute for saffron and to 
make dyes. Seeds are also extracted to produce 
safflower oil, which is nutritionally similar to 
sunflower oil. The existence of two varieties 
of safflower creates the difference between the 
high-oleic versus high-linoleic compositions 
[45]. Safflower oil is commonly used for cooking 
oil, dressings, and margarines.

Sunflower oil is produced from the seeds of 
the sunflower. This oil has a mild flavor and is 
commonly used for frying foods and is used in 
cosmetics. It is also high in vitamin E. Different 
varieties of sunflower seeds exist, which leads to 
different fatty acid compositions [46].

High-oleic varieties of sunflower and saf-
flower oil are much more common than the 
original high-linoleic varieties. High-oleic saf-
flower oil is predominantly a monounsaturated 
fat. It is composed of 75% oleic acid (C18:1), 
13% linoleic acid (C18:2; n-6), and 8% satu-
rated fatty acids. High-linoleic safflower oil 
is predominantly a polyunsaturated fat. It is 
composed of 75% linoleic acid (C18:2; n-6), 
14% oleic acid (C18:1), and 6% saturated fatty 
acids.

High-oleic sunflower oil is composed of 84% 
oleic acid (C18:1), 4% linoleic acid (C18:2; n-6), 
and 10% saturated fatty acids. High-linoleic 
sunflower oil is 66% linoleic acid (C18:2; n-6), 
20% oleic acid (C18:1), and 10% saturated fatty 
acids [12].

 Metabolic Effects and Cardiovascular 
Outcomes
High-linoleic acid safflower oil has been shown 
to lower LDL cholesterol by 15% compared 
to olive and peanut oils [47]. If the sunflower/
safflower oil is predominantly composed of 
 polyunsaturated fatty acids, it reduces LDL-
cholesterol to a greater extent than olive oil [48].
As previously discussed, the Wadsworth 
Hospital and Veterans Administration Center 
conducted one of the core clinical trials looking 
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at replacing saturated fat with unsaturated fat 
using high linoleic-acid safflower oil, in addi-
tion to corn, soybean, and cottonseed oils in 
the experimental group. The primary outcomes 
were sudden death due to coronary heart dis-
ease or myocardial infarction. One of the major 
secondary outcomes was cerebral infarction. 
No statistical difference was found between 
groups in regard to the two primary outcomes. 
However, when this was pooled with cerebral 
infarction and other secondary outcomes, the 
reduction was statistically significant with 
p  =  0.01. Fatal atherosclerotic events were 
less in the experimental group with p  <  0.05. 
Incidence for all combined primary and sec-
ondary endpoints was 31.3% for the experimen-
tal group versus 47.7% for the control group; 
p = 0.02 [1, 23].

 Olive Oil

 Background and Biochemistry
Different types of olive oil exist depending on the 
processing method. Virgin olive oil is obtained by 
purely mechanical processes without any altera-
tions to the oil, and phenolic compounds are 
retained. Virgin olive oil has no more than 2.0% 
free fatty acid content. Extra virgin olive oil is 
the highest grade of olive oil and has no more 
than 0.8% free fatty acid content. Refined olive 
oil has altered acidity, and phenolic compounds 
are lost. Ordinary olive oil is a mixture of refined 
and virgin olive oil. [49, 50]

Olive oil is a popular cooking oil and a staple 
of the Mediterranean diet. The Mediterranean 
diet became of interest because of the low inci-
dence of cardiovascular disease and higher life 
expectancy in parts of this geographic region 
[51]. It is thought that the diet in this area is a 
major contributor.

Olive oil is mostly a monounsaturated fat. It is 
composed of 71% of the monounsaturated fatty 
acid, oleic acid (C18:1). The remaining com-
position is 14% saturated fatty acids (predomi-
nately palmitic acid) and 10% of the omega-6 
polyunsaturated fatty acid, linoleic acid (C18:2; 
n-6) [12].

 Metabolic Effects and Cardiovascular 
Outcomes
Olive oil has a favorable effect on lipoproteins 
but not to the extent of oils composed of predom-
inately polyunsaturated fatty acids do [52]. Some 
controlled feeding trials have shown that corn 
oil lowers LDL cholesterol to a greater extent 
than does olive oil [18]. However, compared to 
saturated fatty acids, olive oil does reduce LDL 
cholesterol [49]. Some of the phenol components 
are also thought to alter VLDL and to scavenge 
superoxide radicals [49, 53]. Some animal mod-
els have shown slowed development of coronary 
artery disease and regression of atherosclerosis 
with olive oil use [49].

The Seven Countries Study was one of the first 
epidemiology studies looking at diet and lifestyle 
and its relationship to cardiovascular risk. Its 
results led to interest in the Mediterranean diet.
It showed that death rate differences between 
groups were positively related to the average 
percent of dietary energy intake from saturated 
fatty acids and negatively related to intake from 
monounsaturated fatty acids. Death rates were 
negatively related to the ratio of monounsatu-
rated-to-saturated fatty acids. Oleic acid was 
the main monounsaturated fatty acid, reflecting 
olive oil use. All cause and coronary heart disease 
deaths were low in the group using olive oil as 
the main fat [1, 54]. However, other studies have 
not found an association between the use of olive 
oil and the reduction of cardiovascular disease. 
The PREDIMED study was a multicenter trial 
in Spain in which participants with high risk of 
cardiovascular disease were assigned to either a 
Mediterranean diet supplemented with extra vir-
gin olive oil, a Mediterranean diet supplemented 
with mixed nuts (hazelnuts, almonds, walnuts), 
or a control diet with the advice to reduce dietary 
fat. The results showed protective effects with 
both experimental diets versus the control diet on 
major cardiovascular events, including myocar-
dial infarction, stroke, or death from a cardiovas-
cular cause. There was an absolute risk reduction 
of three major cardiovascular events per 1000 
person-years and a relative risk reduction of 
30%, but only stroke was significantly reduced 
among the individual components. The trial took 

K. Han et al.



121

place among very high- risk participants making 
generalizability uncertain, the control group had 
a much higher dropout rate; and there have been 
concerns regarding the ability to confirm ran-
domization and adherence to the initial random-
ization group.

 Peanut Oil

 Background and Biochemistry
Peanuts are legumes but are often grouped with 
tree nuts. Peanut oil is intermediate in terms of 
composition between poly- and monounsaturated 
fatty acids. The monounsaturated fatty acid, oleic 
acid (C18:1), comprises 45% of this oil. The 
polyunsaturated fatty acid, linoleic acid (C18:2; 
n-6), comprises 32%. The remaining 17% is from 
saturated fatty acids (mostly palmitic acid) [12]. 
Phytosterols are also found in peanut oil. Peanut 
oil has a strong aroma and flavor and is com-
monly used in American, South Asian, Southeast 
Asian, and Chinese cuisines.

 Metabolic Effects and Cardiovascular 
Outcomes
Studies are mixed regarding significant changes 
in LDL cholesterol or other lipoproteins after 
peanut oil intake [47]. The nuts themselves have 
been found to have lipid-lowering effects, though 
the translation to nut oils does not seem as clear. 
[47, 55]. This may be due to other components 
found in the nuts other than fatty acids. Most lit-
erature supports favorable effects of peanut oil 
when replacing saturated fat [56].

 Summary of Oils High 
in Monounsaturated Fatty Acids

Prospective observational studies in many popu-
lations have demonstrated that reduced saturated 
fat intake coupled with higher intake of mono-
unsaturated and polyunsaturated fat is associ-
ated with lower rates of CVD and all-cause 
mortality [1]. While replacing saturated fat with 
monounsaturated fat lowers ASCVD events, 
the effect is less than that of replacement with 

polyunsaturated fat. Recommendations favor-
ing replacement with polyunsaturated fat over 
monounsaturated fat stem from positive results 
of randomized clinical trials that used polyun-
saturated fat compared with a lack of adequate 
trials that used monounsaturated fat [32]. It is fur-
ther supported by greater relative risk reduction 
for polyunsaturated fats in observational studies 
[35], greater reduction in LDL with polyunsatu-
rated fat [35, 57], and lower amounts of coronary 
artery atherosclerosis in nonhuman primates that 
were fed polyunsaturated fat rather than mono-
unsaturated or saturated fat [34]. Nevertheless, 
replacement of saturated fat with either type of 
unsaturated fat results in reduction of CVD.

 Oils High in Saturated Fatty Acids

Saturated fatty acids do not contain any double 
bonds. They occur naturally in many foods, 
primarily meats and dairy products and some 
plant oils. Major sources of saturated fatty acids 
include beef, pork, lamb, butter, cheese, and 
tropical plant oils (palm oil, palm kernel oil, and 
coconut oil).

 Palm and Palm Kernel Oil

 Background and Biochemistry
The production of palm oil has grown steadily 
worldwide leading to economic growth within 
rural communities but also resulting in negative 
environmental impacts, such as loss of habitats of 
endangered species. Palm oil is one of the most 
versatile plant-based oils. It functions as a natural 
preservative in processed foods, raises the melt-
ing point of ice cream, and provides the foaming 
agent in most shampoos and soaps. It is further 
used in cosmetic products and as a raw material 
for biofuels. It is naturally a semisolid at room 
temperature but can be processed to form a liquid 
oil for cooking [58].

Palm oil is high in saturated fat. It is composed 
of about 45% palmitic acid (C16:0), 39% oleic 
acid (C18:1), and 10% linoleic acid (C18:2). The 
low percentage of linoleic acid allows palm oil to 
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be resistant to oxidative deterioration during food 
preparation [59].

While palm oil is extracted from the pulp of 
the oil palm fruit, palm kernel oil is extracted 
from the seed. Palm kernel oil has a higher satu-
rated fat content than palm oil. The composition 
of palm kernel oil is similar to that of coconut oil 
with lauric acid (C12:0) comprising about 48%, 
myristic acid (C14:0) 16%, oleic acid (C18:1) 
15%, and palmitic acid (C16:0) 8% [60].

 Metabolic Effects and Cardiovascular 
Outcomes
The effect of palm oil on cardiovascular risk 
appears to be less favorable when compared to 
vegetable oils low in saturated fatty acids but 
more favorable when compared to oils rich in 
trans-fatty acids.
One meta-analysis included 27 trials that com-
pared consumption of palm oil to vegetable oils 
low in saturated fatty acids (soybean, sunflower, 
canola, olive, or peanut oil). Twenty-four tri-
als had a crossover feeding design, and three 
had a parallel design. Intake of palm oil varied 
across studies from 12% to 43% of total energy 
intake with duration ranging from 2 to 16 weeks. 
Compared to vegetable oils low in saturated fatty 
acids, palm oil intake was associated with signifi-
cant increases in total cholesterol by 5.8 mg/dL 
and LDL-cholesterol by 3.6 mg/dL. This meta- 
analysis also examined nine trials that compared 
consumption of palm oil to partially hydroge-
nated oils (oils rich in trans-fatty acids). Palm oil 
intake was associated with a 1.26-mg/dL increase 
in HDL-cholesterol compared to partially hydro-
genated oils [61]. Cardiovascluar outcomes from 
clinical trials have been variable partly due to dif-
ferences in types of control oils used and levels 
of test oil used.

 Coconut Oil

 Background and Biochemistry
Coconut oil is commonly used as a cooking fat, 
body oil, and industrial oil. It is widely found in 
manufactured products, including margarines, 

ice creams, and confectionary items due to its 
low melting point, resistance to oxidative rancid-
ity, and digestibility [62].

Coconut oil is composed primarily of satu-
rated fat. Lauric acid (C12:0), often classified 
as a medium-chain (C6–12) saturated fatty acid, 
accounts for approximately 47% of the total fat 
content. Long-chain (≥C14) saturated fatty acids, 
including myristic acid (C14:0) and palmitic acid 
(C16:0), make up about 25% [63, 64]. There is 
evidence from animal studies to suggest that 
medium-chain fatty acids have more favorable 
effects on metabolic profiles compared to long- 
chain fatty acids. This has been attributed to the 
unique pathways in which these fatty acids are 
metabolized [65, 66]. Medium-chain fatty acids 
are directly transported to the liver via absorption 
through the portal vein and demonstrate higher 
rates of mitochondrial oxidation, thus serving 
as a more efficient energy source compared to 
long- chain fatty acids, which require incorpo-
ration into chylomicrons and travel through the 
lymphatic circulation before reaching the blood-
stream [67, 68]. This is one reason that coconut 
oil has been speculated to have beneficial effects 
on lipid profiles given its composition high in 
lauric acid. However, although lauric acid is 
chemically classified as a medium-chain fatty 
acid, it is largely absorbed and transported by 
chylomicrons, and thus behaves like the long- 
chain fatty acids. Thus, its biologic effects may 
be different from other medium-chain fatty acids 
[69, 70]. This may explain why clinical feeding 
trials comparing coconut oil to other plant-based 
oils have not demonstrated expected benefits of 
coconut oil.

 Metabolic Effects and Cardiovascular 
Outcomes
Evidence suggests that coconut oil intake is asso-
ciated with increased risk for ASCVD.  This is 
supported by one meta-analysis of 16 crossover- 
randomized, parallel-randomized, and non-
randomized sequential feeding trials in which 
coconut oil was compared to non-tropical veg-
etable oils (primarily soybean oil, safflower 
oil, canola oil, and olive oil) for a duration of 
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≥2 weeks. Coconut oil consumption was associ-
ated with significant increases in total cholesterol 
by 14.69 mg/dL, LDL-cholesterol by 10.47 mg/
dL, and HDL-cholesterol by 4.00 mg/dL. There 
was no significant change in triglyceride levels, 
markers of glycemia (fasting plasma glucose), 
inflammation (C-reactive protein), or adiposity 
(body weight, waist circumference, % body fat). 
This analysis also demonstrated that compared to 
palm oil, coconut oil significantly increased total 
cholesterol and LDL-cholesterol [63].

 Summary of Oils High in Saturated 
Fatty Acids

Human feeding trials have demonstrated that 
palm oil intake is associated with higher total 
cholesterol and LDL-cholesterol levels compared 
to vegetable oils low in saturated fatty acids. It 
may be preferable to trans-fat rich oils due to 
its effects on HDL-cholesterol, but the clinical 
significance of its effects on HDL-cholesterol 
remains unclear. Further studies are needed to 
better understand the effects of palm oil con-
sumption on cardiovascular risk.

Similarly, feeding trials show that consump-
tion of coconut oil is associated with significant 
increases in total cholesterol, LDL-cholesterol, 
and HDL-cholesterol. Again, the importance 
of the observed effect on HDL-cholesterol as it 
relates to cardiovascular risk remains uncertain.

Palm, palm kernel, and coconut oil are high 
in saturated fatty acids; thus, the consumption of 
these oils should be limited due to their adverse 
effects on lipid profiles and associated risk for 
ASCVD.

Reducing the intake of saturated fatty acids 
is associated with lower risk of ASCVD.  One 
pooled analysis of 11 cohort studies (344,696 
participants with 5249 CHD events) and one 
meta-analysis of 8 randomized controlled tri-
als (13,614 participants with 1042 CHD events) 
showed that replacing 5% of energy intake from 
saturated fat with polyunsaturated fat was associ-
ated with a 10–13% decrease in risk of ASCVD 
[33, 71].

 Oils Enriched in Trans-Fatty Acids

Trans-fatty acids contain at least one double bond 
in the trans-configuration. Naturally occurring 
trans-fatty acids are found primarily in meats and 
dairy products. They are produced in the stom-
achs of ruminant animals (cattle, sheep, goats, 
etc.) through bacterial transformation of unsatu-
rated fatty acids to trans-fatty acids. Artificial 
trans-fatty acids are primarily found in partially 
hydrogenated vegetable oils.

 Partially Hydrogenated  
Vegetable Oils

 Background and Biochemistry
Hydrogenation is a process in which a liquid oil 
is heated in the presence of hydrogen atoms and 
a catalyst to produce a semisolid or solid fat. This 
process leads to the transformation of some poly-
unsaturated fatty acids to monounsaturated and 
saturated fatty acids as well as monounsaturated 
to saturated fatty acids. Some fatty acids are con-
verted from a cis- to a trans-configuration, thus 
leading to the production of trans-fatty acids. 
Partially hydrogenated vegetable oils are appeal-
ing to the food service industry due to their 
increased shelf-life, stability during deep-frying, 
and flavor quality [72]. Fully hydrogenated oils 
contain essentially no trans-fats, but they do con-
tain saturated fatty acids [73].

 Metabolic Effects and Cardiovascular 
Outcomes
The effect of trans-fatty acids on cardiovascu-
lar risk has been evaluated in controlled dietary 
trials. One meta-analysis of 12 randomized 
controlled trials that examined isocaloric replace-
ment of saturated or cis-unsaturated fatty acids 
by trans-fatty acids demonstrated that consump-
tion of trans-fatty acids raised LDL-cholesterol, 
decreased HDL-cholesterol, and increased tri-
glyceride levels. It also raised lipoprotein(a) lev-
els [74].

Lipoprotein(a) is a particle that contains 
LDL and apolipoprotein(a)—a glycoprotein 
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that is covalently linked to apolipoprotein B, 
the principal apolipoprotein of LDL-cholesterol. 
Lipoprotein(a) is a causal, independent risk factor 
for ASCVD [75, 76]. Data from seven placebo- 
controlled, randomized statin trials demonstrated 
that the risk of ASCVD events increased linearly 
with lipoprotein(a) concentrations [77].

The consumption of trans-fatty acids has 
been linked directly to an increase in incidence 
of coronary artery disease. In a meta-analysis of 
four prospective cohort studies involving nearly 
140,000 subjects, a 2% increase in energy intake 
from trans-fatty acids was associated with a 23% 
increase in incidence of coronary artery disease 
[74, 78–81]. Due to the harmful effects that 
trans- fatty acids have on cardiovascular health, 
the FDA has banned the use of trans-fats in all 
foods sold in American grocery stores and res-
taurants [82].

 Summary of Trans-Fatty Acids

Data from controlled feeding trials and prospec-
tive observational studies have demonstrated that 
consumption of trans-fatty acids from partially 
hydrogenated vegetable oils results in signifi-
cant risk for atherosclerotic cardiovascular dis-
ease. It is strongly recommended that consumers 
avoid products containing trans-fatty acids and 
that food manufacturers use alternative fatty 
acids, ideally cis-unsaturated fatty acids, in food 
production.

 Summary of Plant-Based Oils

Randomized controlled trials have consistently 
demonstrated that the risk and incidence of coro-
nary heart disease are significantly reduced by 
replacing saturated fats with unsaturated fats.

In general, replacing saturated with polyun-
saturated fats results in greater benefit compared 
to the replacement with monounsaturated fats. 
Due to the heterogeneity of human feeding tri-
als, including differences in control diets, con-
trol oils, and quantity and frequency of study oil 
intake, it is difficult to discern which oils within 

each of these categories provide the greatest ben-
efit in regard to cardiovascular health.

The favorable effects of polyunsaturated and 
monounsaturated fats on cardiovascular out-
comes are related to their associations with LDL- 
cholesterol reduction. Diets high in plant-based 
oils composed primarily of polyunsaturated fatty 
acids (soybean and corn oils) have been consis-
tently shown to reduce LDL-cholesterol levels and 
coronary heart disease rates [1, 22]. Intake of oils 
high in monounsaturated fatty acids (olive, peanut, 
walnut, canola, and high-oleic safflower/sunflower 
oils) is also associated with LDL- cholesterol 
reduction, with some studies demonstrating 
improved cardiovascular outcomes [54]. However, 
the evidence demonstrating a direct correlation 
between the intake of monounsaturated fatty acids 
and decreased incidence of coronary heart disease 
is less clear compared to the data supporting the 
effects of polyunsaturated fatty acids.

The recommendation to limit saturated fat in 
the diet stems from its effect on raising LDL- 
cholesterol levels, which is a major cause of ath-
erosclerosis [1]. Coconut, palm, and palm kernel 
oils are high in saturated fatty acids. Consumption 
of these oils is associated with increased LDL- 
cholesterol levels and cardiovascular risk and thus 
should be limited in the diet [61, 63]. Trans- fatty 
acids, including partially hydrogenated vegetable 
oils, are associated with even greater increase in 
risk and incidence of coronary heart disease and 
should be eliminated from the diet [74].
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 Introduction

Obesity has become the most important prevent-
able cause of cardiovascular disease (CVD) in 
the USA, with one in three adults afflicted by this 
disease. The World Health Organization describes 
obesity as an abnormal accumulation of fat that 
presents health consequences. As previously 
outlined in several chapters in this book, dietary 
and lifestyle intervention conform the foundation 
through which obesity is treated clinically. Over 
the last 30 years, surgical and most recently med-
ical treatment of obesity demonstrated weight 
loss and maintenance effects that improve type 
2 diabetes and directly impact the incidence of 
CVD. We focus this chapter on dietary strategies 
that reduce food quantity or improve food quality 
and are used in combination with pharmacother-
apy or surgical strategies for weight loss. Lastly, 
we describe current medical and surgical thera-
pies for obesity that are increasingly important in 
the prevention of CVD.

 Dietary Approaches

Dietary and lifestyle modifications have long 
been the mainstay of treatment for obesity; it is 
only in recent years that safe and effective medi-
cal and surgical therapies have become available 
for the management of weight loss, and even these 
treatment modalities require concurrent compre-
hensive lifestyle interventions to maximize their 
effectiveness. As such, current American consen-
sus guidelines for the treatment of obesity stress 
the importance of dietary and lifestyle change in 
promoting weight loss [1], especially in those 
patients with additional cardiovascular risk fac-
tors and obesity-related comorbidities. The 
American Association of Clinical Endocrinology 
(AACE) guidelines are largely in agreement with 
these and specify the importance of a ≥10% 
weight loss in preventing the progression to dia-
betes in obese patients [2]. This recommendation 
is based on the findings from a series of studies 
that utilized either lifestyle intervention, weight 
loss medications, or bariatric surgery to provoke 
weight loss, each of which showed that an 80% 
reduction in progression to type 2 diabetes can 
be achieved with a ≥10% weight loss. In the 
Look AHEAD trial comparing intensive lifestyle 
intervention to diabetes support and education 
in obese and overweight patients, those subjects 
who achieved a ≥10% weight loss had a >20% 
reduction in the hazard ratio for cardiovascular 
events [3].
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Despite overwhelming evidence that dietary 
modifications are a critical component of any 
effective weight loss strategy, no clear guidelines 
exist to aid health-care providers in counseling 
patients on how to eat in order to lose weight. 
Based on conservation of energy, the most 
straightforward way to lose weight is through 
caloric restriction (CR), as a calorie deficit will 
inevitably result in the breakdown of fat stores 
in order to fuel energy output. All dietary inter-
ventions rely on this principle to some degree, 
whether they do so overtly by tracking calorie 
consumption, or more subtly by emphasizing 
changes in the quality of one’s diet and intake 
of low calorie density foods (and thus fewer 
calories).

 Food Quantity or Caloric Restriction

 Caloric Restriction
CR is linked to increased longevity in diverse 
model organisms, including yeast, flies, worms, 
fish, and rodents [4] primarily via a delay in the 
deterioration in biological function that occurs 
through aging alone. In more complex species 
such as rodents, there is also an effect of CR on 
secondary aging due to the prevention of chronic 
diseases such as CVD.  These beneficial effects 
appear to be a direct result of the metabolic adap-
tations from CR itself and are independent of 
weight changes or body mass index (BMI), as 
leanness achieved via other mechanisms such 
as exercise does not result in a similar increase 
in longevity in these animals [5, 6]. In humans, 
a reduction in body weight by surgical removal 
of adipose tissue, such as liposuction, does not 
decrease metabolic risk [7], whereas weight loss 
induced by a negative calorie balance does, sug-
gesting that the journey may be just as important 
as the destination when it comes to achieving 
healthy weight loss and garnering the metabolic 
benefits that accompany it.

Proving a link between CR and aging in 
humans while controlling for the innumerable 
factors that affect the aging process has been dif-
ficult. Long-term cross-sectional diet-controlled 
studies have been done comparing cohorts of indi-

viduals who practice self-imposed CR, defined as 
eating ~30% fewer calories than would be found 
in a typical Western diet (roughly 1800 kcal/day v 
2600 kcal/day), to healthy age- matched individu-
als eating ad libitum. These showed that individ-
uals on a calorie-restricted diet exhibit significant 
beneficial metabolic phenotypes, including lower 
body fat percentage, lower blood pressure (BP), 
improved lipid profiles, increased insulin sen-
sitivity, decreased ectopic lipid deposition, and 
increased HDL levels [8, 9]. More recently, the 
CALERIE trial examined the effects of 25% CR 
versus an ad- libitum control diet on the metabolic 
profiles of young and middle-aged healthy non-
obese men and women in the USA for 2 years. In 
this randomized controlled trial, they found that 
modest CR produces widespread reduction in 
cardiometabolic risk factors, including decreases 
in systolic and diastolic BP, LDL-C, waist cir-
cumference, and markers of inflammation, while 
improving insulin sensitivity and metabolic syn-
drome scores [10]. These dramatic improvements 
in healthy individuals suggest that CR may not 
only be an effective strategy in the treatment of 
established cardiometabolic disease but in its pre-
vention as well.

 Intermittent Fasting
While calorie reduction is necessary for weight 
loss to occur, newer evidence suggests that tim-
ing of caloric intake may also play a role in 
promoting weight loss. Intermittent fasting is a 
widely studied dietary strategy that restricts food 
consumption to a specific number of hours in a 
day or days within the week, with the remaining 
time spent fasting. The fasting-to-eating ratios 
can differ significantly, with the most common 
being the 16/8 method of time-restricted feeding, 
which specifies a 16-h fast followed by an 8-h 
eating period. While it does not set constraints on 
calorie consumption outright, intermittent fasting 
may inadvertently result in reduced caloric intake 
purely by limiting the amount of time that people 
spend eating. In support of this, the majority of 
human and animal studies on intermittent fast-
ing have reported weight loss, suggesting that 
some reduction in energy intake must be occur-
ring. Intermittent fasting has also been linked to 
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cardiovascular benefits [11], some of which may 
even be independent of weight loss [12], and 
is discussed in further detail in Chap. 9 of this 
compendium.

 Meal Replacements
Meal replacements are another popular means 
of achieving weight loss in the community as 
they remove the onus of having to grapple with 
food choice from the dieter while still effecting 
a calorie deficit. These programs replace one or 
more meals with discrete food products or drinks 
in order to reduce daily calorie intake and thus 
achieve weight loss or weight maintenance. 
While such strategies are used to effect short- 
term weight loss, the durability on achieving and 
maintaining weight loss over longer periods of 
time is controversial [13, 14]. These regimens 
can be inflexible and expensive, resulting in 
decreased adherence over time and a return to pre-
vious eating habits. However, meal replacements 
can serve as a bridge to more definitive therapy 
such as bariatric surgery, or in conjunction with 
a more comprehensive weight loss strategy with 
lifestyle change so that these guiding principles 
can be maintained even after the meal replace-
ment program is stopped.

 Food Quality

 Food Processing
Tracking calorie consumption may appear to be 
the most straightforward means of achieving a 
negative calorie balance, but in practice, it can 
be time-consuming and difficult to adhere to as 
a long- term weight loss solution. Thus, many 
dietary interventions stray from this approach and 
focus instead on changes in the quality of calories 
consumed rather than the quantity. A recent study 
from Hall et  al. [15] investigated the effects of 
food quality on the eating habits of 20 weight- 
stable adults. The participants were admitted to 
an inpatient research facility and randomized 
to receive either ultraprocessed or unprocessed 
ad- libitum diets for 2 weeks, followed by cross-
over to the alternate diet for 2 weeks. While on 
the ultraprocessed diet, participants consumed 

approximately 500  calories more per day than 
those on the unprocessed diet and gained, on 
average, 0.9 kg over the 2-week period, whereas 
those on the unprocessed diet lost 0.9  kg. The 
reason for these differences in energy intake 
remains unclear. However, it is interesting to note 
that there was no change in the perceived pleas-
antness of the food, hunger, or satiety between 
the two groups. These results suggest that mini-
mizing ultraprocessed foods in the diet may be 
an effective strategy for obesity prevention and/
or treatment, and dietary strategies rich in whole, 
unprocessed foods should be encouraged.

 Mediterranean Diet
The Mediterranean diet is based on the dietary 
habits of “blue zones” in Italy and Greece with 
a high concentration of centenarians, where rates 
of CVD and diabetes are among the lowest in 
the world. This diet is characterized by plentiful 
consumption of plant-based foods (fruits, vegeta-
bles, breads, legumes, nuts, and seeds) with dairy 
products, meat (mostly poultry), and fish con-
sumed in low-to-moderate amounts [16]. Olive 
oil is the primary source of dietary fat, which 
results in a low saturated fat diet despite over-
all fat intake within the normal recommended 
range of 25–35% for the average adult [16]. The 
DIRECT study showed that the Mediterranean 
and low carbohydrate diets were equally success-
ful in provoking weight loss as well as in promot-
ing long-term weight maintenance and glycemia 
and were superior to a low-fat diet in both of 
these endpoints [17]. Observational cohort stud-
ies show that adherence to a Mediterranean diet 
is associated with lower cardiovascular risk [18, 
19]. The Lyon Diet Heart Study, a randomized 
secondary prevention trial of the Mediterranean 
diet to reduce the rate of recurrence after a first 
myocardial infarction, showed a protective effect 
of the Mediterranean diet that was maintained 
up to 4 years after the initial cardiac event [20]. 
However, in this study, classical modifiable CVD 
risk factors such as cholesterol levels and BP 
were independently associated with recurrent MI, 
suggesting that dietary intervention alone is not 
enough to achieve maximal cardiac  protection 
in high-risk patients and that a comprehensive 
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strategy including pharmacologic intervention 
is likely needed in these individuals [20]. The 
cardiovascular benefits of the Mediterranean 
diet have been studied in the context of primary 
prevention as well, most prominently in the 
PREDIMED trial [21]. The Mediterranean diet 
groups had a lower rate of major cardiovascular 
events over the 5-year study period compared 
to the control low-fat diet group, with a greater 
magnitude of cardiovascular risk reduction seen 
in those study participants with increased dietary 
adherence. Surprisingly there was no descrip-
tion of weight gain or loss associated with these 
Mediterranean dietary interventions in either of 
these two trials. Therefore, it is still unclear what 
role, if any, weight loss has in the Mediterranean 
diet’s mitigation of cardiovascular risk or whether 
it is an independent effect.

 Plant-Based Diets
Further along the spectrum of emphasizing a diet 
rich in whole, unprocessed foods is the plant- 
based diet plan described in Chap. 6. There are 
various flavors of plant-based diets, including 
vegetarianism, which omits all meat and fish 
intake, and veganism, which prohibits the inges-
tion of the above animal proteins as well as any 
animal-derived product, including dairy and eggs. 
Observational studies of cohorts which adhere 
to these eating habits for cultural and theistic 
reasons, including Seventh-Day Adventists and 
Taiwanese Buddhists, show a decreased preva-
lence of type 2 diabetes [22–24]. Additionally, 
these studies show that increasing BMI appears 
to be inversely correlated with level of adherence 
to a plant-based diet such that those with the low-
est BMIs tended to consume the highest percent-
age of plant-based foods.

That is not to say that all plant-based diets 
are created equal or that all plant-based foods 
are beneficial for metabolic health. Post-hoc 
analysis of the Nurses’ Health Study, the Nurses’ 
Health Study 2, and the Health Professionals 
Follow-Up Study stratified those participants 
who were adherent to a plant-based diet into 
either a “healthy” plant-based diet group or an 
“unhealthy” plant-based diet group [25]. Those 
in the healthy diet group tended more toward a 

diet that was rich in unprocessed foods, includ-
ing whole grains, nuts, fruits, vegetables, and 
legumes. When adjusted for BMI, the healthy 
plant-based diet group had a decreased incidence 
of type 2 diabetes (HR 0.66, 95% CI 0.61–0.72, 
p trend <0.001) [26]. In contrast, consumption 
of an unhealthy plant-based diet was positively 
associated with type 2 diabetes (HR 1.16, 95% CI 
1.08–1.25, p trend <0.001) [25]. Therefore, even 
within the dietary restrictions of a plant-based 
diet, it is still important to emphasize enriched 
consumption of whole, unprocessed foods to 
achieve optimal metabolic health. Finally, while 
processed foods and red meats are the worst 
offenders regarding risk of metabolic disease 
[26], we do not yet fully understand where highly 
processed plant-based proteins will fall on this 
spectrum. Therefore, the focus of dietary recom-
mendations should still be grounded in promot-
ing intake of unprocessed fruits, vegetables, and 
whole grains.

In addition to diabetes prevention, plant-based 
diets are also shown to be helpful in the treat-
ment of type 2 diabetes and reducing cardio-
metabolic risk in these already high-risk patients. 
When compared to a typical diabetic diet as rec-
ommended by American Diabetes Association 
guidelines, those following a low-fat vegan diet 
had more significant reductions in their hemo-
globin A1c, increased weight loss, and more 
improvement in their lipid control [27]. In both 
groups, hemoglobin A1c improvement was medi-
ated primarily by weight loss, and participants 
ate on average 425 kcal less per day [28]. In the 
conventional diabetic diet group, this occurred 
via explicit CR, whereas in the vegan group, the 
caloric deficit was incidental to increased intake 
of lower calorie density foods.

Even in nondiabetic patients, eating a veg-
etarian diet is associated with decreased inci-
dence and mortality from ischemic heart disease 
[29–31]. This holds true after adjustment for 
confounders such as age, total calorie intake, 
smoking, physical activity, alcohol use, lipids, 
and BMI [31]. For example, the Lifestyle Heart 
Trial demonstrated that intensive lifestyle inter-
ventions, including adherence to a 10% fat whole 
foods vegetarian diet, led to regression of coro-
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nary atherosclerosis and a 50% reduction in car-
diac events as compared to control subjects who 
made more moderate lifestyle changes [32].

For some patients switching to a plant-based 
diet may seem overwhelming, but even small 
changes in dietary habits toward a more plant- 
based framework can yield cardiometabolic 
benefits. Assessment of dietary data from the 
Nurses’ Health Study and Health Professionals 
Follow-Up Study showed that when subjects 
substituted just 3% of energy from animal pro-
tein with plant protein, all-cause mortality was 
significantly decreased [33]. Similar beneficial 
effects of a moderate reduction of animal pro-
tein intake were shown in a randomized, con-
trolled, crossover trial in which individuals with 
type 2 diabetes were randomly assigned either to 
consume a control legume-free diabetic diet or 
a legume-based diabetic diet [34]. The legume-
based diet significantly reduced fasting blood 
glucose, fasting insulin, triglyceride concentra-
tions, and LDL concentrations independent of 
any changes in BMI [34], indicating that even 
modest reductions in the consumption of animal 
protein can be beneficial for cardiometabolic 
health.

 Pharmacologic Approaches

The aforementioned dietary strategies form the 
foundation of lifestyle interventions for treat-
ment of obesity, focusing on reducing food 
quantity and improving food quality. While 
there has been evidence that weight loss is bene-
ficial in improving risk factors for CVD such as 
improved glycemic control in people with type 
2 diabetes mellitus (DM) [35–40], evidence 
that weight loss improves cardiovascular health 
has been mixed, possibly due to the difficulty 
of maintaining sustained sufficient weight loss 
with lifestyle interventions alone to see long-
term cardiovascular benefits [36]. Interventions 
with more substantial weight loss such as bar-
iatric surgery and glucagon-like peptide (GLP-
1) agonist medications, which are approved 
by the Food and Drug Administration (FDA) 
for the treatment of obesity and type 2 DM, 

have repeatedly shown cardiovascular benefits 
[41–45]. This evidence is in line with AACE’s 
recommendation of ≥10% weight loss for pre-
ventative health in obesity (source page 5) and 
summarized in Table 8.1.

Achieving sustained weight loss of ≥10% of 
baseline weight is challenging, and only 20% of 
participants in the Look AHEAD intensive life-
style intervention arm reached this mark. Given 
the difficulty of reaching and maintaining clini-
cal meaningful weight loss, many patients would 
benefit from further intervention with pharma-
cotherapy or bariatric surgery, though this is a 
vastly underused resource, with approximately 
1% of eligible patients undergoing bariatric sur-
gery or filling a weight loss medication prescrip-
tion annually [46, 47]. The aim of the following 
section is to review the evidence for the current 
pharmacotherapies and surgical interventions for 
weight loss, to improve physician awareness of 
these options to treat obesity.

There are currently four medications 
approved by the US FDA to treat obesity: orli-
stat, phentermine- extended release topiramate, 
bupropion–naltrexone, and high-dose liraglutide. 
Lorcaserin (Belviq), a 5-HT serotonin receptor 
agonist appetite suppressant, was recently pulled 
from the market by the FDA in February 2020, 
after a cardiovascular safety trial showed an 
increased risk of cancer [48, 49].

 Orlistat

Orlistat is a pancreatic lipase inhibitor, which 
works completely within the gastrointestinal 
(GI) tract by inhibiting lipases in the lumen of 
the stomach and small intestine, thereby blocking 
dietary triglyceride hydrolysis. This decreases 
intraluminal micelle formation, resulting in 
reduced triglyceride, long-chain fatty acid, and 
fat-soluble vitamin absorption. It is recommended 
to take orlistat as part of a low-fat reduced-calorie 
diet, with no more than 30% of calories coming 
from fat in a meal. Therapeutic dosing is 120 mg 
three times daily with meals. At this dose, orli-
stat inhibits dietary fat by approximately 30% 
[50]. As fat is not absorbed in the GI tract, the 
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most common side effects from orlistat are fatty 
or oily loose stools/diarrhea, excessive gas, and 
bloating. Fat-soluble vitamin deficiencies can 
also occur while taking orlistat. Other side effects 
include an increased risk of kidney stone or gall 
stone formation [51]. Weight loss is achieved by 
a caloric deficit of unabsorbed dietary fat. In the 
XENDOS trial, patients taking orlistat 120 mg 3 
times daily lost an average of 5.8 kg, compared to 
3.0 kg in the placebo arm [52].

Treatment with orlistat leads to improvements 
in cardiovascular risk factors, including reduc-
tion in systolic and diastolic BP, and glycemic 
control, but cardiovascular outcome trials are 
lacking [53]. Orlistat also improves the lipid pro-
file with decreased LDL-C levels, likely due to 
decreased GI fat absorption [54].

 Phentermine-Extended Release 
Topiramate

Phentermine is a sympathomimetic similar to 
amphetamines, which acts as a nervous system 
stimulant that increases neuronal catecholamine 
(primarily norepinephrine) release in the hypo-
thalamus, which decreases appetite. Topiramate, 
initially approved for seizure disorders, modifies 
γ-aminobutyric acid (GABA)-mediated pathways. 
The exact mechanism for weight loss is unknown, 
but it is thought that increased energy expenditure 
and appetite suppression contribute [55]. The com-
bination phentermine–topiramate (Qsymia) was 
approved by the FDA for use as a weight loss drug 
in 2012 and has shown 7.5–9.3% weight loss in 
phase 3 clinical trials versus placebo [56, 57].

Table 8.1 Summary of pharmacotherapy for management of obesity and its CVD risk effects

Medication
Mechanism 
of action

Therapeutic 
dose

Contraindica-
tions

Percentage 
weight loss 
vs. placebo

CV 
outcome 
trial

Effect on CV risk 
factors

Orlistat Pancreatic 
lipase 
inhibitor

120 mg three 
times daily 
with meals

Gall stones or 
cholecystitis. 
Kidney stones, 
pregnancy

3% No Improve BP and 
glycemic control. 
Decrease LDL-C 
[52, 53]

Phentermine–
topiramate

Sympatho-
mimetic/
GABA 
modulation

7.5 mg/46 mg 
orally daily

CVD, preg-
nancy, 
glaucoma, 
hyperthyroid-
ism, psychotic 
disorder, 
uncontrolled 
hypertension

7.5–9.3% No Improve glycemic 
control, increase 
HDL, and decrease 
triglycerides [56, 58]

Naltrexone SR–
bupropion SR

Dopamine 
and 
norepineph-
rine 
reuptake 
inhibitor/
opioid 
inhibitor

32 mg/360 mg 
orally daily

Opioid use, 
manic depres-
sion, psychotic 
disorders, 
suicidal 
thoughts, 
seizure disorder, 
uncontrolled 
hypertension

2.5–5.2% Termi-
nated 
early, 
unable to 
assess for 
noninferi-
ority

Modest improve-
ments in lipid panel 
and glycemic 
control. Increase in 
systolic BP [61, 66]

Liraglutide GLP-1 
receptor 
agonist

3.0 mg 
subcutane-
ously daily

Pancreatitis, 
MEN type 2, 
medullary 
thyroid 
carcinoma, risk 
of hypoglyce-
mia with other 
glucose-lower-
ing medications

5.5% LEADER 
trial 
showing 
cardiovas-
cular 
superior-
ity

Decreased systolic 
and diastolic BP, 
improved glycemic 
control, decrease in 
LDL-C and 
triglycerides, 
increase in HDL-C. 
reduced inflamma-
tion, improved 
endothelial function, 
and ischemic 
conditioning [66]
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Given the neurostimulating properties of phen-
termine, it is contraindicated in use with any patient 
with underlying CVD. However, in the above tri-
als, use did result in improved glycemic control, 
increased HDL-C, and decreased triglycerides, 
with no significant effect on LDL- C. Despite the 
theoretical risk of worsened hypertension, sys-
tolic BP decreased in the above trials, but less than 
expected for similar weight loss through other 
means, and diastolic BP was neutral. Furthermore, 
a retrospective cohort study showed no increase in 
cardiovascular risk, but no prospective cardiovas-
cular trials have been performed [58].

 Naltrexone SR–Bupropion SR

Bupropion is an antidepressant approved for the 
treatment of depression and smoking-cessation, 
which inhibits neuronal dopamine and nor-
epinephrine reuptake. Naltrexone is an opioid 
antagonist. The combination bupropion–naltrex-
one was approved for weight loss in 2014, and 
is believed to affect the mesolimbic dopamine 
reward pathway, which can modulate behaviors 
like food intake, and the hypothalamus circuit 
by proopiomelancortin (POMC) stimulation, 
which promotes anorectic energy balance and 
satiety [59, 60]. Together, the medication targets 
the brain’s satiety and behavioral pathways to 
improve control of feeding behavior.

In phase 3 trials, bupropion–naltrexone showed 
2.5–5.2% weight loss versus placebo [61]. 
Within these trials, naltrexone SR  +  bupropion 
SR showed modest improvements in lipid panel 
with decreases in LDL-C and triglycerides and an 
increase in HDL-C. Changes in HbA1c were neu-
tral to slightly favorable and systolic BP increased 
compared to placebo [61, 62]. Though the FDA 
requested a cardiovascular outcomes trial, it was 
stopped prematurely due to the inappropriate 
release of data by the study sponsor [63].

 Liraglutide

Liraglutide is a human GLP-1 receptor agonist, 
given subcutaneously. It was first developed and 
used for glycemic control in type 2 DM (Victoza, 

1.8 mg daily) but now is also FDA-approved for 
the treatment of obesity (Saxenda 3.0 mg daily). 
GLP-1 is an incretin-like peptide released by the 
epithelial cells of the small intestine in response 
to a food bolus. GLP-1 acts on the liver to reduce 
gluconeogenesis, and on pancreatic islet cells 
increasing β-cell sensitivity for insulin secre-
tion and decreasing α-cell glucagon secretion, 
 promoting glucose control in patients with type 
2 DM.  GLP-1 promotes weight loss both cen-
trally in the mesolimbic neurons as well as the 
arcuate nucleus of the hypothalamus decreasing 
appetite, and peripherally by slowing gut motil-
ity increasing satiety [64]. Common side effects 
are related to effects on the GI tract and include 
nausea, vomiting, constipation, diarrhea, and 
dyspepsia.

The SCALE trial was a 56-week randomized, 
controlled trial comparing liraglutide 3.0  mg 
daily against placebo in nondiabetic patients. The 
treatment arm showed a weight loss of 8.4  kg 
(8.1%) versus 2.8 kg (2.6%) in the placebo arm. 
Patients treated with liraglutide showed improve-
ments in cardiometabolic risk factors, with sig-
nificant decrease in systolic and diastolic BP, 
decrease in LDL-C, triglycerides, and increases 
in HDL-C, and decrease in glycated hemoglo-
bin [65]. Subsequently, the LEADER trial was a 
3.8- year cardiovascular outcomes trial compar-
ing liraglutide 1.8  mg daily to placebo, which 
was landmark in showing superiority in the 
treatment arm for the primary outcome of death 
from cardiovascular causes, nonfatal myocardial 
infarction, or nonfatal stroke [66]. This appears 
to be a class effect, with multiple other GLP-1 
medications showing decreased cardiovascular 
events and mortality [42]. In addition to improv-
ing traditional cardiovascular risk factors, GLP-1 
agonists could have direct cardiovascular bene-
fits from increased nitric oxide synthase activity, 
improved coronary flow velocity, and myocar-
dial ischemic conditioning [62]. Semaglutide, 
another GLP-1 agonist available in once-weekly 
injectable and now a daily oral form, is approved 
for use in diabetes. It has shown promise for use 
in weight loss, is currently under investigation 
for weight-loss specific approval [62], and may 
be available for weight loss practitioners in the 
near future.
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 Bariatric Surgery

Bariatric surgery is shown to be the most 
effective and lasting treatment for obesity 
with long- term metabolic improvements and 
decreased cardiovascular events including 
mortality. While initial benefits for bariatric 
surgery were thought to be due to restrictive 

and malabsorptive effects, it is now recog-
nized that there are metabolic changes that 
directly contribute to weight loss and confer 
cardiovascular benefits (Fig. 8.1) [41]. In this 
section, we will review three most common 
bariatric procedures: laparoscopic adjustable 
gastric banding (LAGB), sleeve gastrectomy 
(SG), and Roux-en-Y gastric bypass (RYGB).

Cognitive control/
reward system

Hypothalamus

Vagal
efferents

Vagal
afferents

Portal vein
Altered nutrient and
homonal sensing

Gallbladder

Ileum
GLP-1
PYY
OXY
Bile acids

Food

Incretin
effect

Jejunum

Central Nervous System:
Brain: decreased appetite and/or
craving: Phenteramine-topiramate,
Naltrexone-bupropion, liraglutide,
RYGB, sleeve gastrectomy
Vagus stimulation: LAGB, RYGB

Stomach:
Anatomic reduced size: LAGB,
Sleeve gastrectomy, RYGB
Decreased gastric emptying:
Liraglutide
Decrease Ghrelin release: Sleeve
gastrectomy

Small and large Intestines:
Malabsorption or fat: Orlistat, RYGB 
Increase GLP-1: Liraglutide, Sleeve
gastrectomy, RYGB
Increase PYY: Sleeve gastrectomy,
RYGB
Altered microbiome: LAGB, sleeve
gastrectomy RYGB

Fig. 8.1 Mechanisms of weight loss from pharmacologic 
or surgical intervention. RYGB Roux-en-Y Gastric 
Bypass, LAGB laparoscopic adjustable gastric banding, 

GLP-1 Glucagon-Like-Peptide 1, PYY Peptide YY, OXY 
oxyntomodulin. (Adapted from Miras and Leroux [73])
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 Gastric Banding

LAGB is a reversible procedure that places an 
adjustable band around the fundus of the stom-
ach, forming a restricted gastric pouch limiting 
the amount of food that can be consumed in a 
meal. The band also increases esophageal and 
gastric peristaltic activity, leading to vagus nerve 
stimulation and increased satiety [70]. At 7-year 
follow-up, patients who underwent LAGB had 
sustained 14.9% mean weight loss from baseline 
[71]. In that study, it found that LAGB had initial 
modest improvements in diabetes, hypertension, 
and dyslipidemia, but at 7  years, only changes 
in HDL and triglycerides were statistically sig-
nificant [67]. In recent years, gastric banding has 
fallen out of favor as it hasn’t been shown to be 
an effective long-term weight loss strategy, with 
many patients regaining weight in long-term fol-
low- up [68].

 Sleeve Gastrectomy

SG is a nonreversible procedure generally per-
formed laparoscopically that removes 70–80% of 
the stomach, including the fundal and antral por-
tions, leaving the patient with a tube-like remnant 
gastric “sleeve.” SG is an effective and durable 
weight loss intervention, with a mean 25–30% 
weight loss sustained at 5 years postoperatively 
[69, 70]. Along with weight loss, SG purports siz-
able improvements in BP, HbA1c, dyslipidemia, 
and decreased inflammatory markers [69–71].

Weight loss and improved metabolic profile 
following SG are driven by anatomic restric-
tion of the stomach, vagal nerve stimulation, and 
through GI hormonal and intestinal microbiome 
changes which promote weight loss [72]. With 
the removal of 70–80% of the stomach, there is 
a decrease in the release of ghrelin, a hormone 
that acts in the hypothalamus to promote hun-
ger. Post-SG there is also increased secretion of 
peptide- YY (PYY) and GLP-1, which are ano-
rectic and promote satiety and glycemic control 
in patients with type 2 DM [72, 73].

 Roux-en-Y Gastric Bypass

RYGB is a nonreversible procedure that reduces 
the size of the stomach to a small pouch and then 
is reattached to the small intestine, bypassing the 
majority of the stomach and a portion of the small 
intestine. Of all weight loss interventions, RYGB 
and SG have the greatest amount of weight loss, 
with a mean weight loss of ~25–30% maintained 
over 5 years postoperatively, and like SG, RYGB 
improvements in BP, diabetes, and dyslipidemia 
that remain for >5  years [67, 69, 70]. Due to 
the altered anatomy, more undigested lipids go 
through the intestine unabsorbed, which lead to 
greater reductions in LDL-C than seen by other 
weight loss methods [71]. Like SG, increases in 
GI hormones GLP-1 and PYY, along with posi-
tively altering the microbiome, are implicated in 
the long-term weight loss and metabolic benefits 
seen in RYGB [72]. Improvements in diabetes 
control are rapid in both SG and RYGB, with 
patients showing large improvements in glyce-
mic control immediately after the weight loss 
procedure, with many patients who previously 
on insulin either having large reductions in insu-
lin requirement or coming off of insulin entirely 
postoperatively.

In 2012, the Swedish Obese Subjects (SOS) 
study evaluated cardiovascular outcomes in 
patients who underwent bariatric surgery (LAGB, 
SG, or RYGB) with mean follow-up of 14.7 years 
and found patients who underwent bariatric sur-
gery had significantly reduced cardiovascular 
events (9.9% vs. 11.5%) and mortality (1.4% vs. 
2.4%) versus the control group [44].

In selecting between RYGB and SG, one must 
consider patient preferences, baseline weight, 
metabolic profile, and comorbidities. RYGB is a 
more complex surgery and leads to an increased 
risk of postoperative dumping syndrome; for this 
reason, we often recommend SG for many of our 
patients. However, RYGB has been shown to be 
slightly more effective than SG for weight loss 
and DM improvement, and in patients with BMI 
>45 or more severe insulin resistance, RYGB 
may be a better option [74, 75].
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 Conclusions

We summarize our framework for treatment of 
obesity for the prevention of CVD in Fig. 8.2.
It is in line with multiple professional society 
guidelines and includes implementing lifestyle 
interventions that decrease food quantity con-
sumption, thereby restricting calories, while 
also improving diet quality. These dietary inter-
ventions, along with exercise, are then attempted 
for periods of 3–6  months before determining 
if clinically meaningful weight loss occurs and 
before augmentation with pharmacotherapy of 
surgery. The continuum of lifestyle interven-
tion and pharmacotherapy followed by invasive 
interventions will expand as our armamentar-
ium for CVD prevention grows in subsequent 
chapters of this book.
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 Introduction

 Fasting Throughout History

The practice of depriving oneself from food has 
long been recognized as having profound physi-
cal, mental, and spiritual effects. Since antiquity, 
fasting has been utilized in not just medical, but 
also religious, cultural, and political settings. In 
ancient Greece, fasting was integrated into reli-
gious practices and was done prior to visiting dei-
ties in temples. Similarly in ancient Peru, fasting 
was practiced following confession at temples 
[1]. Some Native American tribes incorporated 
fasting during vision quests or seasonal ceremo-
nies. Siberian Shamans used fasting to prompt 
visions and control spirits. In modern times, fast-
ing is used to enhance spirituality in Jainism, 
Buddhism, Hinduism, Judaism, Christianity, 
and Islam. Throughout history, fasting has also 
served as an expression of social and politi-
cal views. Mahatma Gandhi famously fasted in 
peaceful protest of British rule in India as a part 
of satyagraha, or nonviolence [1].

In the 5th century BCE, Hippocrates intro-
duced fasting to the medical community by pre-
scribing it to patients as a treatment for certain 
illnesses [1]. He wrote: “Our food should be our 
medicine. Our medicine should be our food. But 
to eat when you are sick is to feed your sick-
ness.” Since then, animal and human studies have 
examined the role of fasting as a tool for the treat-
ment and prevention of chronic disease.

 Physiology of Fasting

Benefits of fasting are hypothesized to occur at 
least in part via a metabolic switch from glucose 
as an energy source to fatty acids and ketone bod-
ies (Fig. 9.1) [2]. During the fed state, glucose is 
used for energy production, while fat is stored in 
the form of triglycerides in adipose tissue. During 
fasting after liver glycogen stores are depleted, 
triglycerides are broken down to fatty acids and 
glycerol for energy production. The liver then 
converts fatty acids to ketone bodies, which can 
be used for energy by certain metabolically active 
tissues such as the brain and skeletal muscle.

Beyond their role as an energy source, ketone 
bodies influence the expression of genes and 
proteins involved in health and longevity [3]. 
By activating extracellular G-protein coupled 
receptors such as HCAR2 and FFAR3, ketone 
bodies modulate lipolysis, metabolic rate, and 
sympathetic tone. Ketone bodies also inhibit 
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histone deacetylases to beneficially influence 
expression of genes involved in regulation of 
lifespan [3]. When this pathway is activated, 
cells become more resistant to oxidative and 
metabolic stress and are better able to remove 
and repair cellular damage, a process called 
autophagy [2]. Fasting ultimately leads to a 
reduction in inflammation which is a key com-
ponent of the pathophysiology of cardiovascular 
disease in addition to diabetes, cancer, and neu-
rodegenerative diseases [4].

 Preclinical Data on Caloric Restriction 
and Fasting

The primary types of intermittent fasting (IF) 
include alternate-day fasting (ADF) , 5:2, time- 
restricted eating (TRE), and periodic fasting 
(PF) (Fig.  9.2). All of these involve temporal 
reduction of food intake, limiting consump-
tion of food or caloric beverages for a period 
of 12 h to 3 or more weeks. This is in opposi-
tion to caloric restriction (CR), which involves 
quantitative reduction of food intake, decreasing 
daily caloric intake by 20–40% [4]. The Fasting-

Mimicking Diet (FMD) is a hybrid method 
which involves eating a low-calorie, plant-
based diet for 4–5 days per month. For the last 
85 years, studies have repeatedly demonstrated 
that CR increases the lifespan of rodents [5, 6]. 
These studies have since been replicated in rhe-
sus monkeys [7, 8]. The effect has been shown 
to be dose-dependent, with increased degree and 
duration of CR producing longer lifespans [9]. 
IF has also been shown to increase lifespan in 
animal models even without a decrease in overall 
caloric intake [10, 11]. This effect on longevity 
is thought to be related to decreased oxidative 
stress or improved responses to stress, including 
cellular autophagy [12–14].

Animal studies have also shown that CR and 
fasting have a mitigating effect on cardiovascular 
risk and atherosclerosis. In mice, rats, and rhe-
sus monkeys, CR and fasting have been shown to 
improve heart rate (HR) and blood pressure (BP) 
response to stress, decrease low-density lipopro-
tein cholesterol (LDL-C), increase high-density 
lipoprotein cholesterol (HDL-C), and improve 
insulin sensitivity, all of which are risk factors for 
cardiovascular disease [8, 11, 15–18].

Beyond risk factor reduction, animal studies 
have suggested that CR and fasting may have an 
inhibitory effect on atherosclerosis and can pre-
vent ischemic injury. Inflammation is a key con-
tributor to the pathophysiology of atherosclerosis. 
In mice, CR has been shown to reduce several 
markers of inflammation, including leukocytes, 
tumor necrosis factor, and other inflammatory 
cytokines such as TNF-alpha and IL-6 [19, 20]. 
Further, rats maintained on a CR diet exhibit 
less oxidative damage to heart cells and reduced 
inflammation in the ischemic zone in response to 
left anterior descending (LAD) occlusion  [21]. 
Similarly, rats on an IF diet exhibit significantly 
less damage in response to LAD ligation com-
pared to control [22]. Rats on a CR diet have 
reduced mortality and better outcomes following 
myocardial infarction [23].

The animal studies evaluating TRE (referred 
to as time-restricted feeding (TRF) in animal 
studies) in particular are also compelling. The 

Fig. 9.1 Fasting and the metabolic switch. During times 
of fasting, use of ketones as a source of energy may con-
tribute to some of the health benefits observed with IF
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Fig. 9.2 Fasting day allowance for different fasting pro-
tocols, including the number of days fasting per week and 
percent of non-fasting allowance on fasting days. Fading 
scale for 5:2 intermittent fasting reflects the heterogeneity 

in number of fasting days per week with this regimen. 
Note that different study protocols have slight variations 
on these general patterns
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benefits of TRE/TRF are hypothesized to be 
due to maintenance of circadian and feeding 
rhythms. Whereas ad libitum access to a high-
fat diet (HFD) in mice leads to blunted diurnal 
feeding rhythms, perturbed metabolic pathways, 
and a predisposition to obesity and metabolic 
diseases, TRF with equivalent caloric intake and 
dietary content prevents disruption of the nor-
mal cellular metabolism, prevents weight gain 
and hepatic steatosis, and attenuates inflamma-
tion [24]. Similarly, whereas ad libitum access 
to a HFD in mice results in obesity, insulin 
resistance, hepatic steatosis, hypercholesterol-
emia, and dyslipidemia, 8- to 9-h TRF resulted 
in weight loss and reduced fat mass, decreased 
inflammation, improved glucose homeostasis, 
and reduced insulin resistance [25, 26]. Lastly, 
TRF in Drosophila resulted in improved sleep, 
prevention of weight gain, and deceleration of 
cardiac aging compared to ad libitum feeding, 
even when caloric intake and activity were held 
constant [27].

 Effects of Fasting on Cardiovascular 
Risk in Humans

Based on prior RCTs and epidemiologic stud-
ies, the American Heart Association has rec-
ommended that Americans meet seven ideal 
cardiovascular health metrics [28]. These 
include not smoking, being physically active, 
having normal BP, blood glucose, total cho-
lesterol (TC) levels, and weight, and eating 
a healthy diet. Yet, <2% of patients meet all 
seven health metrics [29]. Health-care provid-
ers and patients seek realistic and effective life-
style intervention. Fasting is one intervention 
with the potential to make a significant impact 
on cardiovascular disease prevention. Studies 
in animals suggest that fasting significantly 
mitigates cardiovascular risk, influencing all of 
those seven health metrics except smoking and 
physical activity—and many of those findings 
have now been translated to human studies as 
well. Each type of fasting has accumulated data 
in humans suggesting that fasting can mitigate 
cardiovascular risk.

 Intermittent Fasting

 Design

IF is a broad term that is sometimes used to 
encompass ADF and TRE; however, for the pur-
pose of this section, it is defined as fasting for 
a duration of 1–2  days at a time, usually on a 
weekly or monthly basis. The most common 
form of IF is 5:2 in which individuals reduce cal-
orie intake to 500–600 kcal for 2 days out of each 
week (Fig. 9.2). Another example of IF is seen in 
the Church of Jesus Christ of Latter-Day Saints 
(LDS), who typically engage in a 24-h fast one 
Sunday per month from the age of 8 years old. 
Other examples of IF schedules could include 
fasting for 1 or 3 days per week.

 Efficacy

In two randomized clinical trials (RCTs) (n = 107 
and n = 112) comparing 5:2 IF with CR in obese 
patients, the two methods were equally as effec-
tive for weight loss (Table  9.1) [30, 31]. Harvie 
et  al. showed that both methods also resulted in 
a reduction in high-sensitivity C-reactive protein 
(hs-CRP), TC, LDL-C, triglycerides, and BP 
(within group changes, p < 0.05), and there was 
no difference between the two groups (Table 9.2) 
[30]. Inflammation, of which hs-CRP is a sensi-
tive marker, has been shown to be an indepen-
dent risk factor for atherosclerotic cardiovascular 
disease (ASCVD) regardless of atherogenic lipid 
levels [32]. Sundfør et al. showed that both meth-
ods resulted in a reduction of BP and triglycer-
ides, and an increase in HDL-C (within group 
changes, p < 0.05) with no difference between the 
two groups [31]. Harvie et al. showed a reduction 
in fasting insulin levels (p < 0.05) with a greater 
reduction in the IF group compared to the CR 
group (p = 0.04). Similarly, Sundfør et al. showed a 
reduction in hemoglobin A1c (HbA1c) (p < 0.001) 
with no difference between the two groups.

In the Mormon population, fasting is associ-
ated with a decreased risk of ASCVD even after 
adjusting for traditional risk factors [33]. Utah 
consistently has one of the lowest rates of death 
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Table 9.1 Effect of 5:2 Intermittent fasting on weight

Author Year
Trial 
design

Cohort, sample 
size Intervention Duration Weight loss end-point(s)

Harvie 
et al. [30]

2011 RCT Overweight 
and obese, 
n = 107

5:2 intermittent 
fasting (IF) (n = 53) 
vs continuous energy 
restriction (CER) 
(n = 54)

6 months Weight (kg) (95% CI):
5:2 IF
Baseline: 81.5 (77.5–85.4)
6 months: 75.8 (73–81.8)
CER
Baseline 84.4 (79.7–89.1)
6 months: 79.9 (74.6–85.2)
P = 0.26

Sundfør 
et al. [31]

2018 RCT Obese, n = 112 5:2 intermittent 
fasting (IF) (n = 54) 
vs continuous energy 
restriction (CER) 
(n = 58)

6 months 
weight loss 
phase, 
6 months 
weight 
maintenance

Change in weight after 
1 year (kg) (SD):
5:2 IF: −8 (6.5)
CER: −9 (7.1)
P = 0.6

Carter 
et al. [35]

2018 RCT Type 2 
diabetes, 
n = 137

5:2 intermittent 
fasting (IF) (n = 70) 
vs continuous energy 
restriction (CER) 
(n = 67)

12 months Mean change in weight (kg) 
(SEM) [95% CI]:
All participants: −5.9 (0.6) 
[−7.1 to −4.8]
P < 0.001
5:2 IF: −6.8 (0.8) [−8.5 to 
−5.1]
CER: −5 (0.8) [−6.6 to −3.5]
P = 0.25

Table 9.2 Effect of 5:2 intermittent fasting on systolic and diastolic blood pressure (SBP and DBP)

Author Year
Trial 
design

Cohort, sample 
size Intervention Duration BP end-point(s)

Harvie 
et al. [30]

2011 RCT Overweight and 
obese, n = 107

5:2 intermittent 
fasting (IF) (n = 53) 
vs continuous energy 
restriction (CER) 
(n = 54)

6 months SBP (mmHg) (95% CI):
5:2 IF
Baseline: 115.2 
(111.2–119.2)
6 months: 111.5 
(107.7–115.2)
CER
Baseline: 116.8 (116.8 
(113.1–120.4)
6 months: 109.3 
(105.3–113.2)
P-value between groups 0.99
(Similar findings for DBP)

Sundfør 
et al. [31]

2018 RCT Obese, n = 112 5:2 intermittent 
fasting (IF) (n = 54) 
vs continuous energy 
restriction (CER) 
(n = 58)

6 months 
weight loss 
phase, 6 months 
weight 
maintenance

Mean change in SBP 
(mmHg) (SD):
5:2 IF
Baseline: 129 (13.4)
6 months: −4.9 (14.2)
12 months: −1.9 (12.3)
CER
Baseline: 128 (13.2)
6 months: −5.8 (10.6)
12 months: −3.6 (11.8)
P-value between groups: 0.6
(Similar findings for DBP)
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from CVD in the USA, and members of the 
Church of Jesus Christ of LDS have even lower 
CVD mortality than other Utah residents [33]. 
Further, fasting in this population is associated 
with decreased prevalence of diabetes [34]. This 
population demonstrates the potential preventive 
benefit of fasting even when carried out relatively 
infrequently.

IF (5:2) has been specifically studied in 
patients with type 2 diabetes mellitus (T2DM). In 
a paired RCT, 137 patients with T2DM followed 
either a 5:2 IF or CR diet [35]. The study showed 
that the two interventions were equivalent in 
terms of reduction of HbA1c (−0.5% [0.2%] vs 
−0.3% [0.1%]; p = 0.65), with a between-group 
difference of 0.2% (90% CI, −0.2% to 0.5%). 
Although mean weight change was similar 
between the CR and 5:2 IF groups, the two inter-
ventions did not meet the criteria for equivalence 
(−1.8 kg; 90% CI, −3.7 to 0.07 kg), with 5:2 IF 
tending to produce greater reduction of weight 
(−5.0 [0.8] kg vs −6.8 [0.8] kg; p = 0.25) and fat 
mass (−3.4 [0.6] kg vs −4.7 [0.7] kg; p = 0.20). 
The study involved an evidence-based protocol 
for medication management in these patients 
with the intention to minimize hypoglycemic 
events. Nevertheless, 17% of patients experi-
enced hypoglycemic events during the study with 
no difference between groups; however, many of 
these patients also reported experiencing hypo-
glycemic events prior to starting the study.

The effect of IF on glucose regulation was 
investigated on a smaller scale in a case series 
carried out in three patients with T2DM requir-
ing at least 70 units of insulin daily [36]. One 
patient completed a 24-h fast 3 times per week, 
while two patients completed 24-h fasts every 
other day for 7–11 months. On fasting days, the 
patients only consumed dinner, whereas on non-
fasting days the patients consumed lunch and 
dinner. Low-carbohydrate meals were encour-
aged. In all three patients, fasting resulted in 
rapid elimination of the need for insulin as well 
as decreased body weight, waist circumference, 
and HbA1c. The minimum number of days to 
discontinuation of insulin was 5 and the maxi-
mum was 18. Importantly, these patients did not 

experience any episodes of hypoglycemia and 
the intervention included twice weekly clinic 
visits up until discontinuation of insulin and 
strict instruction to stop fasting if participants 
felt unwell at any point. Subjectively, partici-
pants tolerated fasting well and even reported 
enjoying taking an active role in managing their 
diabetes.

 Safety

The safety of 5:2 IF and other methods of fast-
ing in patients with T2DM has been called into 
question given the risk of hypoglycemia and 
glycemic variability [34]. There is a potential 
for hypoglycemia in patients who are on antidi-
abetic medications known to be associated with 
hypoglycemia, including insulin (both prandial 
and bolus) and sulfonylureas. One RCT showed 
that 5:2 IF increased the rate of hypoglycemia 
despite reduction of hypoglycemic medications 
[37]. In addition, higher day-to-day glucose 
variability, which could in theory occur with 
IF, increases the risk of microvascular and mac-
rovascular complications [38]. Guidelines for 
medication management in patients with T2DM 
have been recently proposed [39]; however, 
this patient population represents a group that 
should be more carefully monitored with the 
assistance of a multidisciplinary team in order 
to avoid complications.

 Alternate-Day Fasting

 Design

ADF involves 36-h periods of 0–30% energy 
allowance followed by 12-h periods of ad libitum 
food intake (100% energy allowance) (Fig. 9.2). 
ADF is considered “modified” when patients 
are allowed to consume 25–30% of usual energy 
needs on fast days (the more common scenario), 
while classic ADF involves 0% energy allowance. 
Non-fasting days can potentially involve consum-
ing greater than 100% of energy needs [40].
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 Efficacy

ADF has been studied in a variety of patient pop-
ulations and appears to be beneficial in reducing 
risk factors for CVD.  In obese patients, ADF 

has consistently been shown to promote weight 
loss (with an average reduction of 4.2–7.1% 
total body weight) (Table 9.3) [40–44]. When 
compared to CR, ADF was equivalent in terms 
of weight loss [40]. In particular, one study 

Table 9.3 Effect of alternate-day fasting on weight

Author Year
Trial 
Design

Cohort, 
sample size Intervention Duration Weight loss end-point(s)

Varady et al. [47] 2017 RCT Normal 
weight and 
overweight, 
n = 32

Alternate day 
fasting (ADF) vs 
control

12 weeks Mean change in weight 
(kg) SEM:
ADF: 
−5.2 ± 0.9 P < 0.001

Klempel et al. [42] 2013 RCT Obese, n = 32 Alternate day 
fasting high fat 
(ADF-HF) vs 
alternate-day 
fasting low fat 
(ADF-LF)

8 weeks Mean change in weight 
(kg) SEM:
ADF-HF: −4.3 ± 1
ADF-LF:−3.7 ± 0.7
P < 0.0001
No differences between 
groups for weight loss at 
any point.

Bhutani et al. [43] 2013 RCT Obese, n = 64 Alternate day 
fasting 
(ADF) + exercise, 
ADF alone, 
exercise alone, or 
control

12 weeks Mean change in weight 
(kg) SEM:
ADF + exercise: −6 ± 4
ADF: −3 ± 1
Exercise: −1 ± 0
P < 0.05

Trepanowski et al. 
[40]

2017 RCT Obese, 
n = 100

Alternate-day 
fasting (ADF) 
(n = 34) vs calorie 
restriction (CR) 
(n = 35) vs control 
(n = 31)

6 months 
weight loss, 
6 months 
weight 
maintenance

Body weight (% 
change) (95% CI):
ADF
6 months: −6.8 (−9.1 to 
−4.5)
12 months: −6 (−8.5 to 
−3.6)
CR
6 months: −6.8 (−9.1 to 
−4.6)
12 months: −5.3 (−7.6 to 
−3)

Eshginia and 
Mohammadzadeh 
[44]

2013 Cohort Overweight 
and obese, 
n = 15

Alternate-day 
fasting (ADF)

6 weeks Mean weight (kg) SEM:
Before: 84.3 ± 11.44
After: 78.3 ± 10.18
P < 0.001

Cai et al. [45] 2019 RCT Non-alcoholic 
fatty liver 
disease 
(NAFLD), 
n = 271

Alternate-day 
fasting (ADF) vs 
time- restricted 
eating (TRE) vs 
control

12 weeks Mean change in weight 
(kg) SEM:
ADF
4 weeks: −4.56 ± 0.41
12 weeks: −4.04 ± 0.54
P < 0.001
TRF
4 weeks: −3.62 ± 0.65
12 weeks: −3.25 ± 0.67
P < 0.001
No difference between 
ADF and TRF groups at 
either time point.
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(n = 32) demonstrated a reduction in waist cir-
cumference (−7.2 ± 1.5 cm and −7.3 ± 0.9 cm 
in high fat and low fat ADF groups, p < 0.001) 
and visceral fat mass (from 45 +/−2% to 42 
+/−2%, p < 0.01) [42]. Another study (n = 15) 
demonstrated similar findings, with a decrease 
in waist circumference from 87.87 ± 9.74 cm 
to 82.86 ± 9.68 cm (p < 0.001) and a reduction 
in visceral fat mass by 5.7% (p < 0.001) [44]. 
ADF has resulted in improvements in the lipid 
profile, including decreased TC, LDL-C, and 
triglycerides (p  <  0.01), as well as increased 
LDL particle size (p < 0.001) [41–43]. In addi-
tion, it has been shown to decrease systolic 
blood pressure (SBP) by 4.4–9.7% (p < 0.05) 
(Table  9.4) [41, 44]. When combined with 
a moderate-intensity exercise program, the 
positive effects on weight, body composition, 
and the lipid profile were augmented [43]. 
Interestingly, when ADF with a HFD was com-
pared to ADF with a low-fat diet, the content of 
the diet had no impact on the eating pattern’s 
beneficial effects [42].

One RCT investigated the effect of ADF 
on 270 patients with non-alcoholic fatty 
liver disease (NAFLD). Around 12  weeks of 
ADF resulted in a reduction in body weight 
(−4.56 ± 0.41 kg (6.1 ± 0.5%), p  < 0.001), fat 

mass (−3.49 ± 0.37 kg; 11 ± 1.2%, p < 0.001), TC 
(p  < 0.001), and triglycerides (p  < 0.001) [45]. 
Changes in liver stiffness (a marker of liver fibro-
sis) as measured by transient elastography did 
not differ significantly between groups. NAFLD 
poses a risk of cardiovascular disease, and life-
style modification is the first step in treatment. 
Longer trials are needed to evaluate whether any 
form of IF can reduce the risk of progression 
from NAFLD to non-alcoholic steatohepatitis 
(NASH) and liver fibrosis.

Importantly, ADF also has been found to 
be beneficial in normal weight or overweight, 
nonobese patients, suggesting that the preven-
tive effects of ADF do not stem from weight 
loss alone [46–48]. In these patients, ADF 
decreased fat mass (−2.112  kg (−3.119 to 
−1.352), p  <  0.0001), particularly trunk fat 
mass (p < 0.0001) and improved fat to lean ratio 
without a significant reduction in bone mineral 
density (BMD) [46, 47]. It again improved the 
metabolic profile, reducing TC (p  =  0.004), 
LDL-C (p = 0.011), and triglycerides (p = 0.01) 
and increasing LDL particle size (p < 0.01) [46, 
47]. Further, ADF resulted in decreased CRP 
(p  <  0.05) and the age-related inflammation 
marker sICAM-1 (p = 0.048) [47, 48], suggest-
ing decreased total body inflammation.

Table 9.4 Effect of alternate-day fasting on systolic and diastolic blood pressure (SBP and DBP)

Author Year
Trial 
design Cohort, sample size Intervention Duration BP end-point(s)

Eshginia and 
Mohammadzadeh [44]

2013 Cohort Overweight and 
obese, n = 15

Alternate-day 
fasting (ADF)

6 weeks SBP (mmHg) 
SEM:
Before: 
114.8 ± 9.16
After: 
105.13 ± 10.19
P < 0.001
DBP (mmHg) 
SEM:
Before: 
82.86 ± 10.6
After: 74.5 ± 10.8
P < 0.05
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 Safety

Studies have suggested that ADF is safe in terms 
of physical and mental health. ADF has been 
shown to cause mild adverse effects in simi-
lar frequency to CR, including gastrointestinal 
issues, occasional problems staying asleep, and 
minor dizziness or weakness [49]. There is con-
cern that longer periods of continuous CR cause 
decreased BMD, white blood cell (WBC) count,  
and energy levels [50–52]. Another study found 
that more than 6 months of ADF did not cause a 
decline in BMD or WBC [46]. Similarly, greater 
than 6 months of ADF did not result in decreased 
resting or activity energy expenditure [46].

Another concern that has been raised is the 
potential for ADF to perpetuate disordered eating 
habits. One cohort study in 59 patients specifically 
examined the mental health effects of 8  weeks 
of ADF [49]. Reassuringly, ADF was shown to 
decrease depression and binge eating and improve 
body image perception. It did not increase purga-
tive behavior or fear of being overweight, nor did 
it create an aversion to “forbidden” foods.

 Time-Restricted Eating

 Design

TRE or time-restricted feeding (TRF) is defined 
by a daily 6–10-h window of eating followed by a 
14- to 18-h fast with zero calorie intake (Fig. 9.2). 
Similar to other fasting methods, it has been 
shown to promote weight loss and improve the 
metabolic profile. However, it is unique in that 
it follows the body’s natural circadian rhythm 
and therefore harnesses the benefits of circadian 
physiology.

Modern humans tend to eat sporadically 
throughout the day for an average of more 
than 14  h and fast only while sleeping, regard-
less of the presence or absence of sunlight [53]. 
This stands in contrast to earlier mammals and 

Homo sapiens whose days closely followed the 
sun and who worked to obtain food during day-
light hours. As a result, most mammalian genes 
have evolved variable expression throughout 
the course of a 24-h  day based upon the influ-
ence of light and food [54]. This cyclical varia-
tion in gene expression serves to optimize energy 
metabolism when food is available as well as to 
optimize cellular repair during times of limited 
food availability [55]. The individual is therefore 
able to efficiently process fuels and initiate repair 
mechanisms in order to increase overall fitness. 
Studies have shown that disruption of the natural 
circadian rhythm (such as through shiftwork and 
time- zone changes) increases the risk of meta-
bolic diseases, while TRE sustains daily rhythms 
and decreases the risk of metabolic diseases [54].

 Efficacy

Similar to ADF, TRE has been shown to be ben-
eficial across multiple patient populations. In 
obese patients, TRE with an 8-h feeding win-
dow resulted in decreased body weight and 
energy intake (−2.6% ± 0.5; −341 ± 53  kcal/d, 
p  <  0.05) as well as decreased SBP (−7  ±  2  
mm Hg, p  <  0.05) [56] (Tables 9.5 and 9.6). 
Similarly, 4- to 6-h feeding windows resulted 
in a reduction in body weight (p  <  0.001), fat 
mass (p  =  0.002), oxidative stress (p  =  0.02), 
fasting insulin (p = 0.02), and insulin resistance 
(p = 0.03) versus control, and there was no dif-
ference between the 4- and 6-h groups [57]. 
One RCT including 15 overweight patients at 
risk for T2DM demonstrated improved glucose 
tolerance assessed by a reduction in glucose 
incremental area under the curve (p  =  0.001) 
and decreased fasting triglycerides (p = 0.003) 
within just 1  week of TRE [58]. Interestingly, 
a reduction in mean fasting glucose was sig-
nificant only in the early TRE (8  am–5  pm, 
p  =  0.02) group, not the delayed TRE group 
(12 pm–9 pm) or control.
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Table 9.5 Effect of time-restricted eating on weight

Author Year
Trial 
design

Cohort, 
sample size Intervention Duration

Weight loss 
end-point(s)

Gabel et al. 
[56]

2018 Single arm, 
paired 
sample

Obese, n = 46 8-h time-restricted eating 
(TRE) (n = 23) vs control 
(n = 23)

12 weeks Mean weight (kg) 
SEM:
TRE
Baseline: 95 ± 3
Week 12: 92 ± 3
Controls
Baseline: 92 ± 3
Week 12: 92 ± 3
P < 0.001

Cienfuegos 
et al. [57]

2020 RCT Obese, n = 58 4-h time-restricted eating 
(TRE) (n = 19), 6-h TRE 
(n = 20), vs control (n = 19)

8 weeks Body weight (% 
change) SEM:
4-h TRF: −3.2 ± 0.4
P < 0.001
6-h TRF: −3.2 ± 0.4
P < 0.001
Control: +0.1 ± 0.4
No significant 
difference between 4-h 
and 6-h groups.

Wilkinson 
et al. [60]

2020 Single arm, 
paired 
sample

Metabolic 
syndrome, 
n = 19

10-h time-restricted eating 
(TRE) (n = 19)

12 weeks Weight (kg) (mean 
SD):
Baseline: 97.84 
(19.73)
TRE: 94.54 (13.38)
Mean change in 
weight: −3.30 (3.2)
P = 0.00028

Table 9.6 Effect of time-restricted eating on systolic and diastolic blood pressure (SBP and DBP)

Author Year Trial design
Cohort, sample 
size Intervention Duration BP end-point(s)

Gabel et al. 
[56]

2018 Single arm, 
paired 
sample

Obese, n = 46 8-h time-
restricted eating 
(TRE) (n = 23) 
vs control 
(n = 23)

12 weeks SBP (mmHg) SEM:
TRE
Baseline: 128 ± 4
Week 12: 121 ± 3
Controls
Baseline: 123 ± 4
Week 12: 124 ± 3
P < 0.05

Wilkinson 
et al. [60]

2020 Single arm, 
paired 
sample

Metabolic 
syndrome, n = 19

10-h time-
restricted eating 
(TRE) (n = 19)

12 weeks SBP (mmHg) (mean SD):
TRE
Baseline: 127.88 (8.89)
TRE: 122.76 (13.35)
P = 0.041
DBP (mmHg) (mean SD):
Baseline: 78.47 (8.74)
TRE: 72 (10.75)
P = 0.004

Sutton et al. 
[61]

2018 RCT Prediabetes, 
n = 12

Early time-
restricted eating 
(eTRE) (n = 5) 
vs control 
(n = 7)

5 weeks Mean change in BP (mmHg) 
SEM:
SBP: −11 ± 4
P = 0.03
DBP: −10 ± 4
P = 0.03
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In contrast, the only RCT to date which 
showed no significant benefit to TRE was the 
TREAT trial (n = 116) comparing delayed TRE 
(12 pm to 8 pm) with a standard 3-meal eating 
plan. In this study, there was minimal but statisti-
cally significant weight loss in the TRE group, but 
no difference between groups [59].There were 
no significant changes in fasting insulin, fasting 
glucose, estimated energy intake , total energy 
expenditure, or resting energy expenditure within 
or between groups. However, the level of patient 
adherence in this trial has been called into ques-
tion. Although the reported adherence is 83.5% 
in the TRE group, only about 37% of participants 
responded to adherence surveys, and likely those 
that were engaged enough to respond to those 
surveys were also more likely to be adherent to 
the diet. There was a significant difference in 
appendicular lean mass index between groups by 
DEXA (−0.16 kg/m2; 95% CI, −0.27 to −0.05; 
p = 0.005), which deserves further examination 
in future studies.

TRE is also beneficial in metabolic syn-
drome. In a single arm, paired sample trial 
involving 19 patients with metabolic syndrome 
who were already receiving standard of care 
medical therapy, including statins and anti-
hypertensives, 10-h TRE (i.e., 14 h of nightly 
fasting) resulted in reductions in body weight 
(−3.30 (3.20); −3%, p  =  0.00028), waist cir-
cumference (−4.46 (6.72); −4%, 0.0097), BMI 
(−1.09 (0.91); −3%, p  =  0.00011), percent 
body fat (−1.01 (0.91); −3%, p  =  0.00013), 
and visceral fat rating (−0.58 (0.77); −3%, 
p  =  0.004) [60]. Further, the intervention 
resulted in a reduction of SBP (−5.12 (9.51); 
−4%, 0.041) and DBP (−6.47 (7.94; −8%, 
p = 0.004) as well as improvement in the meta-
bolic profile, including reductions in LDL-C 
(−11.94 (19.01; −11%, p  =  0.016) and non- 
HDL- C (−11.94 (19.01); −11%, p  =  0.040). 
Further, TRE reduced HbA1c in patients with 
baseline elevated fasting glucose and/or HbA1c 
(−0.22% ± 0.32% [3.7%], p = 0.04). All of these 
cardiometabolic outcomes were independent of 
change in weight. There was also no significant 
change in physical activity during the study. 
Although weight loss is an important, preven-

tive effect of TRE that is conserved across most 
human studies, this study highlights that the 
cardiometabolic benefits of TRE are likely not 
solely due to weight loss.

Patients with prediabetes (defined as a 
HbA1c of 5.5–6.4% and impaired glucose tol-
erance, defined as a glucose level between 
140–199 mg/dL at the end of a 2-h oral glucose 
tolerance test) also benefit from TRE compared 
to a 12-h feeding window, even when weight 
and food intake are held constant. A random-
ized, crossover, isocaloric, and eucaloric con-
trolled feeding trial (with food intake precisely 
matched and monitored such that no weight loss 
occurs) examined the effect of 5 weeks of early, 
6-h TRE in 12 patients with prediabetes. Early 
TRE (eTRE) necessitates dinner to occur before 
15:00. The study demonstrated a significant 
decrease in fasting insulin (p  =  0.05), insulin 
resistance (p = 0.005), and pancreatic beta-cell 
responsiveness (p ≤ 0.01) [61]. In addition, the 
intervention resulted in a dramatic improvement 
in SBP and DBP by 11 ± 4 mm Hg (p = 0.03) 
and 10  ±  4  mm Hg (p  =  0.03), respectively, 
an effect size unusual for dietary interven-
tions alone and similar to that of angiotensin-
converting enzyme (ACE) inhibitors. Relative 
to control, TRE also resulted in a decrease in 
8-isoprostane, a marker of oxidative stress to 
lipids (−11 ± 5 pg/mL; −14%, p = 0.05); how-
ever, there was no difference in inflammatory 
markers between the two groups. Lastly, early 
TRE resulted in dramatically increased sensa-
tions of fullness in the evening (p < 0.0001). All 
of these findings occurred without a reduction in 
caloric intake or weight loss in the TRE group 
compared to control, reinforcing that the cardio-
metabolic benefits of TRE are distinct from the 
benefits of CR and weight loss alone. Long-term 
adherence to eTRE may also be more challeng-
ing because the timing of daily dietary intake 
becomes potentially very different from that of 
friends and family members.

The aforementioned study raises the possi-
bility that preferential consumption of calories 
earlier in the day during TRE could have an 
additional positive impact on cardiometabolic 
risk, a concept which is in keeping with cur-
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rent understanding of circadian variation in gene 
expression related to metabolism. Human stud-
ies have shown that insulin sensitivity, pancre-
atic beta-cell responsiveness, and the thermic 
effect of food are higher in the morning [62–64]. 
Correspondingly, several studies have demon-
strated that preferential food intake earlier in the 
day results in improved glycemic control as well 
as a reduction in weight, lipid levels, and hun-
ger [53, 65–70]. An RCT comparing eTRE and 
TRE with a feeding window of the same duration 
shifted later in the day is needed to investigate 
whether additional benefit can be obtained from 
eTRE beyond TRE alone.

 Safety

Studies examining the effects of TRE have not 
shown any major adverse effects. While studies 
with a 6-h feeding window reported minor adverse 
effects such as vomiting, headaches, increased 
thirst, and diarrhea, these effects were not observed 
in TRE with a 10-h feeding window [60, 61]. In one 
study that specifically evaluated the safety of TRE, 
12 weeks of 8-h TRE in obese patients elicited no 
change in self-reported adverse events, body image 
perception, complete blood count, or disordered 
eating patterns from baseline to week 12 [71].

 Periodic Fasting

 Design

Periodic fasting is defined as restricted caloric 
intake for 2 or more days in succession (Fig. 9.2). 
This is the most widely variable type of fasting and 
the least studied, likely because it poses a greater 
challenge for patients to tolerate and greater safety 
risk. Nonetheless, several studies have evaluated 
the effect of periodic fasting of various durations 
and found it to have positive effects on weight 
and metabolic profile. A recent study evaluating 
the mechanism underlying periodic fasting found 
that 58 h of continuous fasting ramped up metabo-
lism such that 44 of ~130 evaluated metabolites 
increased by 1.5 to 60-fold [72].

 Efficacy

The Buchinger fasting method was developed 
and studied in Germany and involves consum-
ing a specified regimen of water, tea, honey, 
fresh- squeezed juice, and vegetable soup with 
a total caloric value of 200–250  kcal for vari-
ous periods of time. One observational study 
(n  =  1422) demonstrated that 4–21  days of 
Buchinger fasting results in a significant reduc-
tion in weight, abdominal circumference, SBP, 
and DBP (p < 0.001) (Tables 9.7 and 9.8) [73]. 
Reduction in weight and BP increased with 
increased  duration of fasting [73]. One small 
cohort study (n = 30) also demonstrated reduc-
tions in LDL-C (p  <  0.001) and fasting insu-
lin (p  =  0.001) [74]. Interestingly, the positive 
effects on BP, LDL-C, and triglycerides were 
amplified in patients with metabolic syndrome 
[74]. In an RCT (n = 32), 1 week of Buchinger 
fasting in patients with T2DM resulted in a 
reduction in weight (p  =  0.03), abdominal cir-
cumference (p = 0.001), SBP and DBP (p = 0.01 
and p  =  0.003), and improved quality of life 
(p = 0.04) [75]. Mental health benefits were also 
observed in patients participating in Buchinger 
fasting, including decreased anxiety, depression, 
and fatigue as well as increased emotional and 
physical well- being and improved sleep qual-
ity [73, 74]. Overall the prospective studies that 
have evaluated Buchinger fasting are small, and 
more RCTs are needed to further investigate the 
method (Tables 9.7 and 9.8).

Two small, early cohort studies investigated the 
effect of 0 caloric intake over extended periods of 
time in obese patients. Both studies demonstrated 
significant effects on weight loss (up to –44 kg) 
[76, 77]. In particular, one study in obese patients 
undergoing 30 days of strict fasting demonstrated 
that weight loss occurred in a predictable pattern 
following the start of fasting, with rapid weight 
loss at the outset followed by a decreased, yet 
steady rate of weight loss [77]. Initial rapid weight 
loss coincided with breakdown of lean tissue, uti-
lization of body fat, and elimination of body fluid, 
while subsequent loss was solely due to catabo-
lism of lean tissue and fat. Although these drastic 
fasting regimens would no longer be a feasible or 
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safe regimen for modern patients, the two studies 
serve as a demonstration of the predictable effect 
of strict, long- term fasting on weight loss.

 Safety

The Bunchinger fasting method appears to be safe 
in terms of physical and mental health. In a cohort 
study involving 1422 patients, mild symptoms 
such as fatigue, dry mouth, back pain, and hunger 
were reported, with sleep disturbances being the 
most common symptom [73]. Most symptoms 
occurred early in the fast and improved with con-

tinued fasting. Although no deaths or permanent 
adverse effects were observed, 2 patients out of 
1422 (0.01%) had to be hospitalized; however, 
both ultimately returned to fasting after a brief 
hospital stay. Patients reported significantly 
improved emotional well-being throughout the 
course of the fast. Another study demonstrated 
significant improvements in anxiety, depression, 
and sleep quality [74].

Longer term, 0-calorie periodic fasting resulted 
in several mild side effects, including headache, 
lightheadedness, and nervousness, worst at the 
start of the fast [76]. One patient developed severe 
oliguria and edema (unknown cause) and required 

Table 9.7 Effect of Buchinger fasting on weight

Author Year
Trial 
design Cohort, sample size Intervention Duration Weight loss end-point(s)

De Toledo 
et al. [73]

2019 Cohort N = 1422 Buchinger fasting 
(n = 1422)

Buchinger fasting 
for 5, 10, 15, and 
10 todays

Mean weight (kg) SEM:
All
Baseline: 82 ± 0.5
After fasting 5, 10, 15, or 
20 days: 77.9 ± 0.5
5-day fast
Baseline: 79.3 ± 0.8
After fasting: 76.1 ± 0.7
10-day fast
Baseline: 82.7 ± 0.9
After fasting: 78.3 ± 0.8
15-day fast
Baseline: 86.6 ± 1.6
After fasting: 80.5 ± 1.4
20-day fast
Baseline: 96.7 ± 4
After fasting: 89.6 ± 3.7
P < 0.001 (fasting 
intervention)
P < 0.001 (between 
fasting duration groups)

Li et al. 
[74]

2013 RCT Type 2 diabetes 
and metabolic 
syndrome, n = 32

Buchinger fasting 
(n = 16) vs 
control

Buchinger fasting 
for 7 days

Mean weight (kg) SEM:
Fasting
Baseline: 89.3 ± 12.6
Follow-up: 85.8 ± 13.4
Mean change: −3.5 ± 4.5
P = 0.01
Control
Baseline: 95.3 ± 17.9
Follow-up: 93.3 ± 15.6
Mean change: −2 ± 4.8
P = 0.83
Between-group 
difference of change 
(95% CI): −3 (−6 to 
−0.4)
P = 0.03
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treatment with daily furosemide. The investigators 
specifically avoided questioning patients about 
hunger, so it is unclear how this affected patients 
throughout the fast; however, the investigators 
did report that prolonged fasting was surprisingly 
tolerated with ease. Vitamin supplementation was 
essential to prevent vitamin deficiency.

Importantly, all of the studies in PF were car-
ried out in a controlled environment, suggesting 
a need for heightened supervision in order to pre-
vent harm.

 The Fasting Mimicking Diet

Designed as an alternative to traditional fasting 
methods, the fasting mimicking diet (FMD) is 
meant to function similarly to fasting through 
a very low-calorie, plant-based diet that is fol-
lowed for 4–5 days per month, with the major-
ity of calories derived from fat and the minority 
from protein [78, 79]. While allowing a limited 
intake during the fasting days, a FMD is meant 

to provide similar benefits to fasting through the 
greatly reduced amount of calories and protein. 
Because the FMD is a relatively short time com-
mitment each month, it may be more feasible 
compared to other fasting patterns.

Early studies suggest that the FMD may offer 
similar benefits to other forms of fasting. In a 
pilot clinical trial (n  =  38), three cycles of the 
FMD resulted in a significant reduction in fast-
ing glucose (p  <  0.001) and total body weight 
(p  <  0.001) [78]. A similar RCT (n  =  100) 
comparing the FMD to an unrestricted control 
diet also found that three FMD cycles resulted 
in a significant reduction in body weight 
(p < 0.0001), waist circumference (p < 0.0001), 
SBP and DBP (p < 0.0001, p < 0.0004), and TC 
(p = 0.004) [79]. Both studies reported low rates 
of adverse events, suggesting that the FMD may 
be safe and effective, especially for those who 
cannot or prefer not to sustain longer periods of 
fasting. More studies in different patient popula-
tions are still needed to understand the effects of 
the FMD.

Table 9.8 Effect of Buchinger fasting on systolic and diastolic blood pressure (SBP and DBP)

Author Year
Trial 
design Cohort, sample size Intervention Duration BP end-point(s)

De Toledo 
et al. [73]

2019 Cohort N = 1422 Buchinger fasting 
(n = 1422)

5, 10, 15, 
and 20 
todays

Mean SBP (mmHg) SEM:
Baseline: 131.6 ± 0.7
After fasting: 120.7 ± 0.4
P < 0.001
Mean DBP (mmHg) SEM:
Baseline: 83.7 ± 0.4
After fasting: 77.9 ± 0.3
P < 0.001

Li et al. 
[74]

2013 RCT Type 2 diabetes and 
metabolic syndrome, 
n = 32

Buchinger fasting 
(n = 16) vs control

7 days Mean SBP (mmHg) SEM:
Fasting
Baseline: 141.9 ± 16
Follow-up: 128 ± 17
P = 0.04
Control
Baseline: 136.3 ± 26.9
Follow-up: 136.7 ± 19.5
P = 0.25
Between-group difference 
of change (95% CI): −15 
(−25 to −2)
P = 0.01
(Similar findings for DBP)
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 Conclusion and Recommendations

With evidence pointing to fasting as an effective 
method to reduce cardiovascular risk, one ques-
tion becomes whether or not these regimens are 
feasible and sustainable for patients in the long 
term. Although they do not involve the cumber-
some calorie-counting of CR diets, some studies 
in ADF, TRE, and PF have demonstrated high 
attrition rates of 27–40% in fasting groups [35, 
40, 75, 80]. However, other studies have dem-
onstrated excellent adherence. For example, one 
RCT in early TRE with a 6-h feeding window had 
100% adherence [61]. Because TRE is  closest to 
patients’ baseline eating pattern, it might be the 
easiest fasting regimen to adopt, particularly in 
TRE with a 10-h feeding window. In addition, 
evidence that patients can choose the timing 
of their feeding window without significantly 
affecting the results suggests that TRE may be 
more easily integrated into patients’ lives [60].

Recognizing the challenges that fasting poses, 
there is ongoing research into ways to achieve 
the benefits of fasting without actually refraining 
from eating. Fasting-mimicking diets low in cal-
ories, sugars, and protein, but high in unsaturated 
fats have yielded similar results to fasting diets, 
including reduced weight, BP, and insulin-like 
growth factor in a small number of initial studies 
[79]. In addition, pharmaceutical CR mimetics 
are sought with the goal of mitigating the need 
for patient commitment to lifestyle changes [14].

Research in animal and human studies is 
incredibly promising in terms of the potential 
of fasting to reduce the risk of CVD.  Ongoing 
human studies still aim to elucidate some of the 
dramatic effects seen in animal studies. Overall, 
more large-scale randomized, controlled, clinical 
trials are needed in order to integrate these fasting 
regimens into clinical practice. In particular, more 
studies are needed in older patients and those with 
diabetes mellitus, and more specific guidelines 
are needed to manage antidiabetic medications 
during fasting and these groups likely require 
close monitoring and the assistance of a multidis-
ciplinary team in order to ensure safety. However, 

based on current data, it is appropriate to use 
patient-centered decision- making to raise the pos-
sibility of fasting as an intervention in obese or 
normal weight patients at risk for CVD.
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 Introduction

Cardiovascular disease (CVD) is a preventable 
condition and the metabolic syndrome (MetS) 
which consists of various factors that increase the 
risk for both the development of diabetes mellitus 
(DM) and CVD. There are ways to prevent and 
treat the components of the MetS, which require 
implementation of lifestyle modifications includ-
ing dietary approaches and exercise.

Various dietary patterns have a favorable 
impact on the prevention of DM and the pro-
gression to CVD. We discuss the Mediterranean 
dietary pattern (MDP), plant-based dietary 
pattern (PBD), Dietary Approaches to Stop 
Hypertension (DASH), and intermittent fasting 
(IF) and their role to prevent and treat the MetS.

 Metabolic Syndrome 
and Cardiovascular Disease

The MetS is a cluster of gene-behavior- 
environment interactions that increase one’s risk 
of developing CVD [1, 2]. The main comorbid 
conditions that comprise the MetS are abdomi-
nal obesity, insulin resistance, dyslipidemia, and 
hypertension [2, 3]. There are nuanced cutoffs 
used by different health entities, which were 
summarized by Sperling et al. in a 2015 review 
[2]. The Cardiometabolic Health Alliance delin-
eated stages of MetS in order to further risk strat-
ify patients and guide management strategies [2].

• Stage A—“at-risk” for MetS based on demo-
graphics, body habitus, and family history.

• Stage B—develops ≤ 2 components of MetS 
and has risk factors for the others.

• Stage C—develops ≥ 3 components of MetS 
without development of end-organ damage.

• Stage D—MetS components with end-organ 
damage such as heart disease, renal disease, 
nonalcoholic fatty liver disease, or diabetes.

Several classifications of MetS, including the 
one from the World Health Organization, require 
the presence of impaired fasting glucose along 
with at least two more additional risk factor 
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 conditions [4]. This places an emphasis on those 
at- risk for or who have developed diabetes, as the 
foundation of MetS.  Therefore, the prevention 
of DM is paramount for the prevention of CVD, 
especially in individuals who have other risk fac-
tors for MetS. Therefore, this chapter will focus 
on dietary approaches that improve the risk pro-
file of those living with the MetS in the context 
of preventing the progression to diabetes and the 
development of CVD.

The presence of one or more risk factors 
(Fig.  10.1) for MetS exhibits a nonlinear, addi-
tive effect on the risk of developing CVD [1]. A 
meta- analysis by Galassi et  al. (2006) demon-
strated that individuals with MetS have a higher 
incidence of CVD (RR 1.53; 95% CI 1.26–1.87) 
and higher CVD-related mortality (RR 1.74; 95% 
CI 1.29–2.35) with an increased risk in women 
(RR 2.10, 95% CI 1.79–2.45) compared to men 
(RR 1.57; 95% CI 1.41–1.75) with similar pro-
files [5]. To reduce the incidence of DM, and 
thus CVD, providers should focus on improv-
ing patient’s metabolic dysregulation, especially 
insulin resistance.

The 2018 American Multi-Society Cholesterol 
Management Guidelines recommend lifestyle 
modifications as the foundation for preventing of 

MetS [6]. “Heart-healthy” dietary patterns are an 
important but not solitary component of lifestyle 
modification. The Diabetes Prevention Program 
Research Group demonstrated that a combina-
tion of weight loss, regular exercise, and effec-
tive dietary pattern together performed better 
than metformin to reduce the incidence of dia-
betes in those with elevated fasting glucose [7]. 
Our discussion emphasizes “dietary approach” 
instead of the colloquial term “diet” to highlight 
that the greatest efficacy for prevention is driven 
by a combination of lifestyle factors.

 Dietary Patterns to Treat Metabolic 
Syndrome

 Mediterranean Dietary Pattern

The first indications that the MDP contributed to 
improved cardiovascular outcomes came from 
the results of the Seven Countries study [8]. The 
findings of this seminal epidemiological study 
defined the relationship between diet and cardio-
vascular health in Italy and Greece, supporting 
a beneficial impact of the MDP.  Central com-
ponents of MDP are fresh fruits and vegetables, 

Metabolic 
Syndrome

Waist 
circumference > 

102 cm in men and 
> 88 cm in women

Asian Americans: 
≥ 90 cm in 

men, ≥ 80 cm in 
women

Triglycerides ≥ 150 
mg/dL 

High density 
lipoprotein (HDL) 
< 40 mg/dL in men 
and < 50 mg/dL in 

women

Blood pressure > 
130/85 mmHg

Fasting glucose ≥ 
100 mg/dL

Components of the Metabolic Syndrome

Fig. 10.1 Components of metabolic syndrome, which also represent the risk factors for cardiovascular disease. 
(Adapted from Ref. [2])
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monounsaturated fats in the forms of nuts and 
olive oil, poultry, fish, and whole grains with 
minimal consumption of refined grains, sugar, 
and red meat [9]. In addition to food choices, the 
Mediterranean approach includes regular physi-
cal activity, longer mealtimes, and maintaining 
a strong social support system [10]. Adherence 
to this dietary pattern and lifestyle has shown to 
decrease the incidence of MetS, diabetes, and 
CVD [11].

Several observational studies have supported 
the findings for the prevention of MetS with the 
MDP. The EPIC cohort recruited over half a mil-
lion participants across various Mediterranean 
countries. Several analyses were conducted with 
this cohort and it was found that the MDP was 
associated with lower blood pressure and body- 
mass index (BMI) [12]. Similar findings were 
observed in the Spanish SUN cohort, comprised 
of 2500 university graduates. The cohort was 
followed for 6 years and those who had higher 
adherence to the MDP had a lower incidence of 
developing MetS [13]. This dose–response rela-
tionship was also demonstrated in an analysis of 
the PREDIMED cohort, where the groups with 
the highest adherence to the MDP had the lowest 
odds ratio of developing MetS, OR 0.44; 95% CI 
0.27–0.70 [14]. Finally, higher adherence to the 
MDP was associated with a markedly reduced 
risk of developing DM in Spanish university 
graduates [15]. A meta-analysis by Kastorini 
et  al. provided further evidence that the MDP 
can aid primary prevention of MetS. This analy-
sis included 50 studies and demonstrated that the 
MDP had a beneficial impact on all components 
of MetS and was also associated with a lower 
risk of developing MetS, as a composite out-
come [11].

Interventional studies have also demonstrated 
the benefits of the MDP in participants who had 
developed or were developing MetS. The Medi- 
RIVAGE study enrolled participants who had one 
or more components of MetS and randomized 
them into the MDP or low-fat diet group [16]. 
After the 3-month study period, MDP partici-
pants saw a significant reduction in BMI, serum 
triglycerides, serum glucose, serum insulin, and 
in the homeostatic model assessment for insulin 

resistance (HOMA-IR), a marker of insulin resis-
tance [16].

The PREDIMED cohort enrolled over 7000 
participants who were at high-risk for CVD 
but without overt disease and followed them 
for nearly 5  years [17]. In an analysis of the 
PREDIMED cohort, participants randomized to 
the MDP group experienced reductions in blood 
pressure, fasting serum glucose, serum insulin, 
HOMA-IR and lipid parameters, while those on 
a low-fat diet had minimal to no change in these 
parameters [18]. The MDP has shown to be an 
effective dietary approach for the prevention and 
treatment for MetS [10].

In summary, the MDP has demonstrated con-
sistent efficacy for the improvement of MetS 
components as well as the prevention of diabetes.

 Plant-Based Dietary Pattern

A plant-based dietary (PBD) pattern consists of 
fruits, vegetables, whole grains, nuts, legumes, 
oils, tea, coffee, and is typically devoid of meat, 
dairy, and eggs. Studies of PBDs include both 
vegan and vegetarian approaches; therefore, 
the reference term PBD will encompass both 
approaches.

The Seventh-Day Adventist population tra-
ditionally adheres to a PBD and the prevalence 
of diabetes in this population is 55% lower than 
in the general population [19]. These effects are 
cumulative over time, as long-term adherence 
to a vegetarian diet was associated with a 74% 
reduced risk of developing DM compared to the 
meat-eating population [19]. A separate study 
of the Seventh-Day Adventist population found 
the prevalence of DM decreased from 7.6% in 
those that chose a nonvegetarian diet to 2.9% in 
strict vegans [20]. A PBD has also been effec-
tive in reducing the risk for diabetes in other 
populations worldwide such as Taiwanese men, 
postmenopausal women, and health-care profes-
sionals in the USA [21, 22].

A PBD has a positive impact on diabetic indi-
viduals. One study followed 20 insulin- dependent 
males and after adhering to a PBD for 16 days all 
were able to reduce their dose of exogenous insu-
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lin from an average of 26 ± 3 units to 11 ± 3 units 
(p < 0.001) [23]. Similar results were found by 
Barnard et al., as 39% of insulin-dependent par-
ticipants were able to discontinue use of exog-
enous insulin after adhering to a PBD in addition 
to exercise [19, 24]. A PBD was also associated 
with lower postprandial serum glucose and less 
glycemic variability [25]. A meta-analysis of 
clinical trials demonstrated that a PBD has an 
HbA1c lowering effect that equals approximately 
50% of the effect seen with metformin [26]. 
Kahleova et  al. randomized diabetic patients to 
an isocaloric PBD or a low carbohydrate “diabe-
tes diet” outlined by the European Association 
for the Study of Diabetes. After 24 weeks, 43% 
of participants in the PBD group were able to 
reduce the use of diabetes medications compared 
to only 5% in the control group (p < 0.001) [27]. 
In summary, plant-based dietary patterns have 
demonstrated significant efficacy for the preven-
tion and treatment of diabetes.

Several trials have demonstrated that a PBD 
is superior for weight loss as compared to a more 
traditional diet. After 6 months of adherence, par-
ticipants following a vegan and vegetarian diet 
lost more weight (−7.5 ± 4.5% and −6.3 ± 6.6%, 
respectively) than those on a pesco-vegetarian 
(−3.2 ± 3.4%), semi-vegetarian (−3.2 ± 3.8%), 
and omnivorous diet (−3.1 ± 3.6%) (p < 0.01) 
[28]. In a trial evaluating a PBD versus a standard 
New Zealand diet in overweight participants who 
had ≥1 CVD risk factors , the PBD group saw 
a significant decrease in BMI compared to con-
trols; reduction at 6 months (4.4 kg × m−2; 95% CI 
3.7–5.1) and 1 year (4.2 kg × m−2; 95% CI 3.4–5) 
[29]. In a meta-analysis of 12 trials, PBD par-
ticipants had more weight loss than nonvegetar-
ians did over a median study period of 18 weeks 
(−2.02 kg; 95% CI −2.80 to −1.23) and vegan 
diets were associated with more weight loss than 
vegetarian diets (−2.52  kg; 95% CI: −3.02 to 
−1.98] versus (−1.48 kg; 95% CI: −3.43 to 0.47) 
[30]. A plant-based diet, rich in whole grain car-
bohydrates and fiber, appears to be a favorable 
dietary pattern for lowering BMI and weight loss 
maintenance.

Mishra et  al. compared the effect of a PBD 
and a traditional American diet on serum lipids. 

Of those who completed the 18-week study, those 
in the PBD group had a greater decrease in total 
cholesterol and LDL [31]. Meta-analyses have 
demonstrated that adherence to a PBD is associ-
ated with lower total cholesterol, LDL, HDL, and 
triglycerides [32, 33]. The decrease in HDL seen 
with PBDs does not adversely affect cardiovas-
cular health [33].

There is an inverse relationship between the 
intake of fruits, vegetables, whole grains, and 
blood pressure [34, 35]. The Adventists Health-2 
study demonstrated that vegans had the lowest 
risk of developing hypertension [36]. Chuang 
et al. confirmed that vegetarians in Taiwan had a 
much lower risk of developing hypertension [37]. 
Analysis of observational trials of vegetarian 
diets demonstrated a reduction in mean systolic 
and diastolic blood pressure [38]. Participants 
who consumed a PBD for 4 weeks experienced 
a decrease in blood pressure and a subsequent 
reduction in the use of antihypertensive medica-
tions [39].

As evidenced by multiple studies, a PBD 
approach has shown to decrease the incidence of 
diabetes and other MetS risk factors and is also 
effective in managing these conditions if they 
arise.

 Dietary Approach to Stop 
Hypertension

The DASH is a carbohydrate-rich eating plan that 
emphasizes fruits, vegetables, and low-fat dairy 
products while reducing saturated fat, total fat, 
and cholesterol by decreasing consumption of red 
meat, sweets, and added sugars (Fig. 10.2) [41]. 
The original study was a feeding trial in which 
participants were provided with food following 
DASH recommendations and closely monitored 
[42]. Results of this and subsequent confirmatory 
trials demonstrate positive effects of the DASH 
diet for reducing systolic and diastolic blood pres-
sure and LDL levels [43, 44]. The Prospective 
Registry Evaluating Outcomes After Myocardial 
Infarction: Events and Recovery (PREMIER) 
study implemented DASH via a group-based 
intervention, teaching participants to purchase 
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and prepare DASH foods [45]. Similar to the orig-
inal DASH feeding trials, improvements in blood 
pressure levels were observed in PREMIER. In a 
cohort of young adults with both type I and type 
II diabetes, higher adherence to the DASH diet 
was inversely associated with LDL:HDL ratio 
and HbA1c in multivariable-adjusted models 
[46]. Youth in the highest adherence tertile had 
lower low-density LDL:HDL ratio and lower 
HbA1c levels than those in the lowest tertile after 
adjustment for potential confounders. These and 
other studies show that adherence to a DASH pat-
tern could considerably reduce the metabolic risk 
factors for CVD.

 Intermittent Fasting

IF is an approach that is centered around alter-
nating periods of fasting and feeding. There are 
many iterations of IF, the two most frequently 
encountered ones are alternate day fasting (ADF) 
and time-restricted eating (TRE) . A popular 
form of ADF is a 5:2 strategy where one fasts for 
2  days of the week and has ad libitum feeding 
for the other 5 days, while a popular example of 
TRE restricts all feeding to an 8-h interval with 
a 16-h fast.

Wilkinson et  al. discussed the impact of a 
12-week TRE intervention on participants with 
MetS [47]. Compared to their baseline, par-
ticipants had an improvement in BMI (−3%, 
p = 0.00011), waist circumference (−4%, p = 
0.0097), systolic, and diastolic blood pressure 
(−4%, p = 0.041 and −8%, p = 0.04, respec-
tively) , total cholesterol (−7%, p = 0.030), and 
LDL cholesterol (−11%, p = 0.016) [47]. The 
magnitude of these metabolic improvements 
exceeds the improvement that would be expected 
from weight loss alone.

While promising overall for MetS, studies 
reveal mixed results regarding IF on insulin resis-
tance. A group of 8 nonobese males who fasted 
for 20-h a day for a 2-week period had increased 
insulin uptake [6.3 + 0.6 to 7.3 + 0.3  mg.kg−1 
.min−1, (p = 0.03)] [48]. In a study of 12 over-
weight men with prediabetes, following an early 
TRE regimen for 6 weeks resulted in lower mean 
insulin levels as compared to the control group 
[49]. However, two other studies contradict these 
findings. One study, with 26 obese adults, found 
no improvement in fasting insulin in either its 
IF or caloric restriction group after 32  weeks 
[50]. Trepanowski et  al. randomized 100 obese 
adults to IF, caloric restriction, or ad libitum and 
found no difference in fasting plasma glucose at 
either 6 or 12 months [51]. In the aforementioned 
study by Wilkinson et al. there were promising, 
yet nonsignificant, improvements in glucose 
metabolism, decreases in blood glucose (−5%, p 
= 0.194), HbA1c (−2%, p = 0.058), and fasting 
insulin (−21%, p = 0.064) [47].

Food Group Daily servings

Grains 6-8

Meats, poultry, and 

fish

6 or less

Vegetables 4-5

Fruits 4-5

Low-fat or fat-free 

dairy products

2-3

Fats and oils 2-3 (avoid saturated or 

trans fats)

Sodium Maximum 2,300mg 

(1500mg associated with 

further benefit)

Weekly servings

Nuts, seeds, dry 

beans, and peas

4-5

Sweets 5 or less

Fig. 10.2 Recommended consumption of various food 
groups according to the DASH dietary pattern. 
(Reproduced from National Heart, Lung, and Blood 
Institute; National Institutes of Health; US Department of 
Health and Human Services [40])
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In contrast to diabetes, IF holds more prom-
ise for weight loss regardless of BMI category. 
Premenopausal females lost weight (6.4  kg; 
95% CI 4.8–7.9  kg) after 6  months of ADF 
[52]. Nonobese participants who followed ADF 
for only 22 days lost 2.5 + 0.5% of initial body 
weight (p <0.001) and 4 + 1% of their fat mass 
(p < 0.001) [53]. Nonobese participants who fol-
lowed an ADF for 10  weeks had reductions in 
body weight (5.2 + 0.9 kg, p < 0.001) relative to 
an ad libitum feeding group [54]. However, these 
findings may be due to reduced caloric consump-
tion rather than the timing of feeding itself.

Some studies of IF have shown a beneficial 
impact on lipid metabolism. Muslim patrons, 
who fast from sunrise to sundown for Ramadan, 
demonstrated lower LDL, triglycerides, and 
VLDL, which led to a decrease in Framingham 
risk (13.8–10.8, p < 0.001) [55]. Obese and over-
weight patients who followed an ADF regimen 
for 12 weeks reduced serum LDL (10 ± 4%, p < 
0.05) and triglycerides (17 ± 5%, p < 0.05) [56]. 
The positive impact on dyslipidemia may be 
related to weight loss and/or increasing hepatic 
production of circadian rhythm factors that help 
regulate serum lipid levels [57].

IF has also shown benefit in controlling both 
systolic and diastolic BP. Men with prediabetes 
who followed TRE for 5 weeks had a reduction 
of systolic BP (11 + 4 mmHg, p = 0.03) and dia-
stolic BP (10 + 4 mmHg, p = 0.03) [49]. During 
Ramadan, Muslim patrons had a 3-mmHg reduc-
tion in systolic BP (p < 0.05) [55]. These changes 
may be due to two mechanisms: higher parasym-
pathetic tone and/or lower levels of inflammatory 
cytokines [58, 59]. Rats undergoing an IF regi-
men had both lower sympathetic tone and higher 
parasympathetic tone, as measured by diastolic 
blood pressure variability and higher frequency 
heart rate variability [60]. In addition, this higher 
vagal tone is associated with decreased inflam-
matory cytokines, including tumor necrosis 
factor alpha, interleukin-1β, interleukin-6 and 
interleukin-8 [58].

IF not only lowers cardiovascular risk fac-
tors including hypertension, dyslipidemia, and 
obesity but also appears to reduce inflamma-
tory biomarkers. Caloric restriction is associ-
ated with decreased levels of inflammatory 
cytokines including tumor necrosis factor alpha, 
interleukin-1β, interleukin-6 and interleukin-8, 
which are linked to the pathogenesis of athero-
sclerosis [58]. In an analysis of two studies that 
enrolled 648 Latter Day Saints patrons, those 
who underwent a monthly 1-day fast had a lower 
incidence of coronary heart disease (OR 0.65; CI 
0.46–0.94) compared to those who did not fast 
[59]. A small randomized control trial of non-
obese patients showed a significant decrease in 
CRP (−13 + 17%, p = 0.01) compared to controls 
[54]. Given the positive results of these observa-
tional studies, long-term randomized trials are 
needed to confirm IF’s impact on cardiovascular 
disease prevention.

 Conclusion

The MetS is a complex interaction between 
genetics, behavior, and environment. The risk 
factors for MetS carry a cumulative effect for 
the development of CVD. Dietary approaches 
can be used for both the prevention and treat-
ment of MetS.  In this chapter, we have high-
lighted the Mediterranean, plant-based, DASH, 
and IF dietary patterns as effective approaches 
for managing the MetS.  Each approach miti-
gates the effect of metabolic comorbidities 
to help avoid the progression of MetSto DM 
and CVD, along with other components of a 
healthy lifestyle such as regular exercise. We 
encourage clinicians and patients to focus on 
the overlapping themes of these approaches, 
rather than focusing on the nuances that make 
them different (Fig.  10.3). Following these 
general principles will help patients improve 
their metabolic profile to prevent DM and the 
development of CVD.
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 Introduction

“With an excess of fat diabetes begins and from 
an excess of fat diabetics die,” Eliot P.  Joslin 
wrote in 1928. This was shortly after the purifica-
tion of insulin and the emergence of evidence that 
it could prevent death in patients with type 1 dia-
betes, many of whom adhered to the Allen high- 
fat, low-carbohydrate diet. Only after achieving 
a treatment to prevent death from diabetic keto-
acidosis and the starvation-like effects of insulin 
deficiency did vascular disease emerge as the pri-
mary complication of type 1 diabetes. In the late 
nineteenth century, Osler noted that arterioscle-
rosis developed “in stout persons who take very 
little exercise.” This observation was likely due 
to those he observed with co-existing conditions 
such as diabetes and metabolic syndrome, which 
are both insulin resistant states. Not until the 
description of the metabolic syndrome by Reaven 
in the latter half of the twentieth century [1] was 
the link between insulin resistance and the devel-
opment of cardiovascular disease (CVD) defined.

Patients with diabetes often have several CVD 
risk factors that are affected by diet. Up to 60% 
of adults with diabetes have hypertension and 
nearly all have one or more lipid abnormalities 
[2]. Management of risk factors such as hyper-
tension, dyslipidemia, and hyperglycemia can 
lead to improved cardiovascular complications in 
individuals with type 2 diabetes mellitus. A com-
mon abnormal lipid problem in individuals with 
diabetes is an elevation of VLDL triglyceride and 
cholesterol, a reduction in HDL cholesterol, and 
an LDL fraction that contains a greater propor-
tion of small, dense LDL particles, and increased 
postprandial lipemia [3]. Thus, as shown in 
Fig. 11.1, a special dietary issue for these patients 
is control of dyslipidemia. Neither simple carbo-
hydrates nor high-saturated fat foods are optimal.

 Dietary Composition and Glycemia

Diets rich in simple carbohydrates lead to both 
greater glycemia and hypertriglyceridemia, the lat-
ter referred to as carbohydrate loading. This pattern 
also increases postprandial lipemia [4]. Complex 
carbohydrates with fiber and ingestion of carbohy-
drates in association with other dietary components, 
most notably unsaturated fats, slow their absorp-
tion and subsequent glycemia. For this reason, the 
glycemic index (GI) of food varies when eaten in 
combination. More recently, it has become appar-
ent that there is great individual variation in dietary 
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response with an identical meal. This has been 
attributed to differences in the microbiome [5], but 
is likely to also reflect differences in bowel motil-
ity, nutrient absorption rates, and the efficiency of 
enzymatic digestion of starches. With widespread 
use of continuous glucose monitoring (CGM) 
devices, patients can determine for themselves their 
responses to different types of foods, dietary pat-
terns, exercise, and medications. Endocrinologists 
routinely use CGMs to educate patients with diabe-
tes and pre- diabetes to the relationships of dietary 
content and exercise to glycemic variability.

Most patients with diabetes note glucose eleva-
tions with high-carbohydrate foods such as bread, 
rice, potatoes, and pasta. For this reason, these 
foods should be limited. In patients with type 1 
diabetes or others on insulin, hyperglycemia due 
to these foods can be alleviated with injection of 
rapidly acting insulin. Diabetes educators can 
often assist the patients to count carbohydrates 
and develop an insulin sensitivity index to match 
insulin dosage. In some cases, short- acting insu-

lin secretagogues such as sulfonylureas or inhibi-
tors of intestinal glucose absorption can prevent 
or dampen hyperglycemia. Other foods with 
high sugar content also raise glycemia; although 
patients can often identify sweets such as cakes, 
cookies, and candy, they sometimes neglect to 
note the sugars in fruits, juices, and even milk.

 Diets and Dyslipidemia

Eating plans that are designed to lower glucose, 
improve lipid patterns and incorporate regular 
physical activity are cornerstones in managing 
lipid disorders and lowering CVD risk in patients 
with diabetes. All adults with diabetes are candi-
dates for progressively aggressive medical nutri-
tion therapy. The American Diabetes Association 
(ADA) 2021 Standards of Medical Care in 
Diabetes recommends intensifying lifestyle ther-
apy and optimizing glycemic control for patients 
with elevated levels of triglycerides (>150  mg/

Sugar Fat

Gut

Liver

“Blood” or “Circulation”

VLDL

Sugar

Chylomicron

Fig. 11.1 Diabetes and CVD risk. A specific issue for 
nutritional approach to the patient with diabetes is con-
comitant control of both circulating glucose and lipids. Fat 
in the diet enters the lymphatics within chylomicrons. 
Within the circulation, endothelial cell lipoprotein lipase 
releases fatty acids for their use by muscles and storage 
within adipocytes. Sugars, many of which are formed from 
carbohydrates, enter the portal system and are a substrate 
for fatty acid synthesis in the liver. These newly formed 

fatty acids as well as fatty acids returning to the liver from 
adipose and lipoproteins are secreted within very low den-
sity lipoproteins (VLDL). Thus, foods with free sugars or 
non-complex carbohydrates, which also raise triglyceride 
levels, should be limited. In addition, high levels of choles-
terol and saturated fats should be avoided, as they elevate 
LDL and also increase postprandial lipemia. For this rea-
son, it is especially important to ascertain food preferences 
and make healthy substitutions
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dL) and/or low-HDL cholesterol (40  mg/dL in 
men and >50 mg/dL in women [6]. There is no 
sufficient evidence to suggest that there is an 
ideal percentage of calories from carbohydrate, 
protein, and fat for people with diabetes.

Lifestyle intervention, including weight loss 
[7], increased physical activity, and medical 
nutrition therapy, allows some patients to reduce 
CVD risk factors. Weight loss with hypocaloric 
diets is as beneficial for improving insulin sensi-
tivity as weight loss achieved with bariatric sur-
gery [8]. Nutrition intervention should be tailored 
to fit each patient’s age, pharmacologic treat-
ment, lipid levels, medical conditions, and meta-
bolic outcomes. Weight loss improves glycemic 
control and reduces insulin resistance as well as 
improves lipoproteins (decreases triglycerides 
and raises HDL cholesterol) [9]. The eating plan 
based on the individual’s caloric needs could 
provide a total fat intake of 25–35% of calories, 
with <6% of calories from saturated fatty acids 
(SFAs). Trans-fatty acids, now less commonly 
used in commercial food preparation, increase 
LDL cholesterol (LDL-C) and may decrease 
HDL cholesterol and should be avoided. Dietary 
cholesterol intake should be <200  mg/day [10, 
11]. The majority of total fat intake should be 
derived from unsaturated fat sources. Robust 
evidence indicates that a cardio-protective diet 
reduces LDL-C by 9–16% in both normo- and 
hyperlipidemic individuals [12].

Population data support a dietary pattern that 
promotes the intake of unprocessed foods: fruits 
and vegetables, plant-based non-tropical oils, 
lean protein foods, legumes, whole grains, non- 
fat dairy, and unsalted nuts. Added sugars should 
be limited to less than 5–10% of daily caloric 
intake. Vegetables (not including starchy veg-
etables such as potatoes) and fruits should make 
up one-half of each meal. Carbohydrate sources 
should primarily include beans/legumes, whole 
grains, vegetables of different colors and fruits. 
An emphasis on monounsaturated fats, such as 
olive oil, avocados, and nuts, and polyunsaturated 
fatty acids such as omega-3 fatty acids from chia 
seeds, flax seeds, fatty fish, and nuts helps reduce 
risk factors for CVD and **type 2 diabetes.

For individuals with elevated triglycerides 
(≥150  mg/dL), a calorie-controlled eating plan 
that avoids extremes in carbohydrate and fat 
intake and includes physical activity should be 
recommended. Nutrient-poor calorie sources like 
alcohol and added sugars should be limited as 
much as possible. Weight loss of 7–10% of body 
weight should be encouraged, if indicated. These 
lifestyle changes lower triglyceride levels. In 
addition to lifestyle modifications, supplemental 
eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA) (2–4 g/day) may be used. These 
high doses of supplemental EPA and DHA lower 
triglycerides in individuals with elevated lev-
els (>200 mg/dL) [13]. Multiple studies using a 
combination of these oils failed to show a CVD 
benefit. More recently, a trial using EPA in sub-
jects with triglyceride levels >135 mg/dL, many 
of whom had diabetes, was effective [14]. This 
surprising result, in conjunction with a previous 
Japanese EPA study (JELIS) [15] suggests a spe-
cific benefit of EPA that might be exclusive of 
changes in circulating triglycerides.

Eating plans should incorporate fiber-rich 
foods that contribute at least 25–30  g fiber per 
day, with special emphasis on soluble fiber 
sources (7–13  g). Foods rich in soluble fiber 
include fruits, vegetables, and whole grains, espe-
cially high-fiber cereals, oatmeal, and legumes 
(particularly beans). Eating plans high in total 
and soluble fiber can further reduce cholesterol 
by 2–3% and LDL cholesterol up to 7% [16].

Foods enriched with plant sterol and stanol 
ester may be incorporated into the diet, across 
two or three times per day, for a total consump-
tion of 2–3  g plant sterol/stanol esters per day. 
These doses further lower the LDL-C by 7–15% 
[17]. Doses beyond 3 g have not been shown to 
provide additional benefit. Plant stanols and plant 
sterols are also effective in people taking statin 
drugs, causing further reduction in LDL-C.  To 
prevent weight gain, isocaloric substitutions of 
nuts and plant stanol/sterol and fiber-contain-
ing foods must be made with other foods. The 
Academy of Nutrition and Dietetics Evidence 
Analysis Library and ADA nutrition therapy 
recommendations report limited and mixed evi-
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dence regarding the relationship between GI or 
glycemic load, and CVD.

There is no evidence that adjusting the daily 
level of protein intake (typically 1–1.5 g/kg body 
weight/day or 15–20% total calories) will improve 
health in individuals without diabetic kidney dis-
ease, and research is inconclusive regarding the 
ideal amount of dietary protein to optimize either 
glycemic management or CVD risk [18].

 Finding a Diet That Works

Successful nutrition therapy requires recom-
mendations that maintain the pleasure of eating 
with a healthful eating pattern. The diet should 
focus on major strategies: a Mediterranean-
style diet [19] or Dietary Approaches to Stop 
Hypertension eating pattern [20, 21] or other eat-
ing patterns based on culture, food preferences, 
and economic status that focus on the reduc-
tion of SFAs and trans fatty acids and choles-
terol intake; the use of stanols/sterols, omega-3 
fatty acids, nuts, and foods containing soluble 
fiber; and weight loss, if indicated, to achieve a 
lipid and lipoprotein profile that reduces the risk 
for vascular disease, achieves glycemic goals, 
and optimizes micronutrient requirements. 
Evidence-based nutrition recommendations 
for diabetes and lipid disorders are provided 
by the Academy of Nutrition and Dietetics, 
the American Heart Association/American 
College of Cardiology (AHA/ACC) (Guidelines 
[2013]), the American Diabetes Association, 
and the US Department of Agriculture (USDA) 
(Dietary Guidelines for Americans 2015). A 
focus on foods rather than macronutrients can 
assist patients in understanding the components 
of a healthy eating pattern. Addressing barri-
ers to following a healthy diet and utilizing an 
entire healthcare team can empower patients to 
follow these guidelines. Registered dietitians/
nutritionists are especially useful in analyzing 
individual dietary patterns, making recommen-
dations that require food exchanges, and apply-
ing approaches to implement acute and chronic 
behavioral change.

Nutrition intervention studies lasting ≥1 year, 
such as Mediterranean-style eating patterns 
reduced hemoglobin A1C, blood pressure, and 
body weight and improved serum lipid profile, 
all of which reduce the risk for developing CVD 
in participants with both type 1 and type 2 dia-
betes [19]. Two variants of a Mediterranean diet 
reduced 24-h ambulatory blood pressure, total 
cholesterol, and fasting glucose and reduced inci-
dence of major cardiovascular events [22] in par-
ticipants at high cardiovascular risk (including 
those with type 2 diabetes). A comparative risk 
assessment model showed dietary factors were 
estimated to be associated with a substantial pro-
portion of deaths from heart disease, stroke, and 
type 2 diabetes [23]. Decreased risk of coronary 
heart disease and stroke in healthy adults has been 
strongly and consistently associated with dietary 
patterns that include the regular consumption of 
fruits, vegetables, whole grains, nuts, legumes, 
unsaturated oils, poultry, fish, and low-fat dairy 
products, and the lower consumption of high-
fat dairy products, processed and red meats, and 
sugar-sweetened foods, and beverages.

Some specific recommendations are needed 
if the patient also has hypertension. These 
include paying greater attention to reducing 
excess body weight through caloric restric-
tion, restricting sodium intake (<2300 mg/day), 
increasing consumption of fruits and vegetables 
(8–10 servings per day), and low-fat dairy prod-
ucts (2–3 servings per day), avoiding excessive 
alcohol consumption (no more than two serv-
ings per day in men and no more than one serv-
ing per day in women), and increasing activity 
levels [21, 24].

 Ketogenic Diets

Minimizing carbohydrate intake has become a 
popular approach to weight loss (discussed in 
other sections, reviewed in Bolla et  al.) [25]. 
Such diets reduce glycemic excursions and, 
therefore, will reduce hemoglobin A1C levels. 
When used as an approach to weight loss, these 
diets can reduce triglyceride levels without 
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raising LDL cholesterol [26] but can lead to 
marked hyperlipidemia in some patients who 
need to be monitored. It is likely that substitu-
tion of high saturated fats (red meats) and eggs 
with other forms of fat may alleviate some 
dietary-driven increases in LDL with these 
low-carbohydrate diets.

 Nutrition Counseling

Nutrition counseling should be tailored to each 
individual patient to target their specific barri-
ers and increase their motivation to overcome 
those barriers. An intervention incorporating 
behavior change strategies is more likely to be 
effective and meet the patient’s individual needs. 
After identifying the barrier, the next step is 
to identify how ready the patient is to make a 
change by identifying their stage of change and 
ideally moving them forward to the next stage 
[27]. Patients may be ambivalent about making 
a change and motivational interviewing can be 
helpful in resolving uncertainty through listen-
ing actively, reflecting, asking open-ended ques-
tions, and maintaining a non-judgmental and 
supportive environment [28].

It is important to allow each patient to identify 
their own barriers to making changes to further 
guide them to come up with their own solutions. 
The patient has a better idea of what is feasible 
for them and is more likely to follow through 
with the changes he or she suggests. Additional 
educational information and solutions can also 
be provided if patients are empowered to feel 
like they have autonomy over their eating and 
lifestyle habits. This can be done by asking the 
patients what they think about the solution and 
how helpful it is in overcoming their barrier.

When the patient is ready and has moved into 
the action phase of the transtheoretical model 
[29], setting clear and measurable goals is an 
important next step to the nutrition care pro-
cess and motivational interviewing. By working 
together with the patient, realistic, small, achiev-
able goals can be set. Starting with smaller goals 

and working up to bigger goals can help the 
patient gain confidence and feel empowered to 
meet short- and long-term objectives.

Setting specific and measurable goals is nec-
essary to monitor and evaluate progress. If the 
patient reports eating fast food four times a week 
because he/she does not enjoy cooking, examples 
of small, measurable, short-term goals include 
the following:

• Replacing fast food items with healthier 
options

• Providing easy and tasty recipes
• Freezing extra servings to eat on other days

Long-term goals may include the following:

• Eating fast food once a month
• Cooking meals at home four times a week
• Losing weight to achieve healthy body mass 

index (BMI) between 18.5 and 24.9

 Monitoring and Evaluating

After intervention and goal setting, monitor-
ing and evaluating are the next steps to measure 
progress. This can be done in more than one way 
by comparing current eating patterns to previous 
assessments, and taking anthropometric mea-
surements such as height, weight, waist circum-
ference, BMI, and laboratory measurements such 
as hemoglobin A1C and lipid profile.

 Monitoring Apps for Diabetes 
and Weight Management

Patients can monitor and track their nutrient 
intake, blood glucose, and weight goals through 
smartphone apps designed to track food, blood 
glucose, exercise, weight, and nutrients listed on 
the Nutrition Facts label. Depending on the app, 
some also track fitness goals, provide healthy 
recipes, and customize individual calorie and 
physical activity plans.

11 Optimal Diet for Diabetes: Glucose Control, Hemoglobin A1c Reduction, and CV Risk
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 Summary

The approach to patients with diabetes includes 
similar lifestyle recommendations to those of 
patients without diabetes because diabetes asso-
ciates with greater CVD-risk implementation of 
a heart-healthy dietary pattern is most impera-
tive. Along with reductions in body weight and 
lipoprotein levels, diets must consider glycemia. 
The use of CGM technology coupled with a 
registered dietitian-/nutritionist-prescribed indi-
vidualized dietary plan should enable better dia-
betes and CVD-risk reduction for this high-risk 
population.
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 Introduction

Appropriate regulation of both innate and adap-
tive immunity is a critical component of host 
defense, wound healing, and physiologic regula-
tion (among many other functions) [1]. Immune 
system activation with concomitant upregulated 
chemotactic cytokines, termed systemic inflam-
mation for the purpose of this chapter, are a 
response to changes in physiologic and patho-

physiologic conditions (e.g., viral/bacterial 
infections). When this response is maladaptive or 
directed against the host, as is the case with auto-
immune and autoinflammatory conditions, an 
inappropriate pro-inflammatory state develops. 
This dysregulated immune response character-
izes such conditions as psoriasis, inflammatory 
arthritis, inflammatory bowel disease (IBD), sys-
temic lupus erythematosus (SLE), and human 
immunodeficiency virus (HIV).

The concept that pro-inflammatory conditions 
relate to vascular disease dates back over 60 years, 
when physicians recognized the systemic cardio-
vascular disease (CVD) complications of many 
autoimmune conditions [2]. Relatively more 
recently, innate and adaptive immune activation 
came to also be considered a core component 
of CVD development [3]. It is now well recog-
nized and supported by large epidemiologic and 
clinical- translational literature that atherosclerotic 
cardiovascular (CV) events are a complication of 
pro-inflammatory conditions. Professional soci-
eties including the American Heart Association 
(AHA) and American College of Cardiology 
(ACC) now consider pro-inflammatory diseases as 
CV risk enhancers and place emphasis on the need 
to provide appropriate CV risk reduction thera-
pies to these patients outside of other risk factors 
[4]. Recognizing this inherent increased CV risk, 
the aim of this chapter is to discuss dietary and 
 lifestyle interventions in these patient populations 
in an attempt to improve CV-related outcomes.
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 Inflammation, Atherosclerosis, 
and Clinical CVD

The development and progression of atheroscle-
rosis is a lifelong process and involves a complex 
interplay between the endothelium, circulating 
lipids, platelets, and one’s innate and adaptive 
immunity [5]. On a pathologic level, progression 
of atherosclerosis includes endothelial dysfunc-
tion, lipid accumulation with intimal fatty streak 
formation, translocation of leukocytes and foam 
cell formation, and lesion progression includ-
ing smooth muscle cell migration and synthesis 
of extracellular matrix proteinases [5]. At each 
stage, immune system activation is a key regula-
tor of this process.

The impact of systemic inflammation on ath-
erosclerosis development is seen early as endo-
thelial pro-inflammatory activation occurs via 
cytokine stimulation. Upregulated vascular adhe-
sion and chemotactic molecules attract immune 
cells including monocyte and T lymphocytes. 
Intimal monocytes mature into macrophages that 
phagocytose modified lipid particles. Foam cells 
are formed with enhanced local singling driving 
smooth muscle cell proliferation [6]. Modified 
lipoproteins and activated platelets adhering 
to damaged endothelium send their own pro- 
inflammatory signals (e.g., S100A8/A9), thus 
further enhancing the inflammatory milieu in ath-
erosclerosis [6]. In summary, an atherosclerotic 
plaque is a heterogeneous composite of not just 
monocyte-derived lipid laden macrophages, but 
also B and T lymphocytes, mast cells, and neu-
trophils. [6]

A variety of pro-inflammatory cytokines 
including chemokines and those from the inter-
leukin (IL), tumor necrosis factor (TNF), inter-
feron (IFN), and colony-stimulating factor (CSF) 
families are each implicated in atherosclerosis 
and are shown to correlate with clinical CVD 
(Fig. 12.1). [7] Key inflammatory cytokines pro-
moting this atherosclerotic march include NLRP3 
inflammasome-activated IL-1β and IL-18 with 
downstream IL-6 production [8]. The clinical 
importance of this pathway has since been con-
firmed in clinical trials in which inhibiting IL-1β 
in patients with a history of myocardial infarction 

and elevated high-sensitivity C-reactive protein 
(hs-CRP) reduced recurrent cardiac events [9]. 
Other pro-atherosclerotic and pro-inflammatory 
cytokines include TNFα and IFNƔ [10]. Based 
on this evolving understanding of pathophysiol-
ogy, it is not surprising that pro-inflammatory 
conditions in which the primary disturbances are 
those of either innate or adaptive immunity also 
potentiate atherosclerosis and elevate CV risk.

 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is the most common 
autoimmune inflammatory arthritis affecting up 
to 1% of the US population [11]. The incidence 
of RA is twice as high in women as men with 
the highest incidence occurring in middle-aged to 
older individuals [11]. The pathogenesis of RA is 
multifactorial owing to a combination of genetic 
and environmental causes. Post-translational pro-
tein citrullination by peptidylarginine deiminase 
is a major contributor to self-antigen production 
and immune stimulation. [12] The resultant citrul-
linated peptides cause innate immune activation; 
a first step in systemic and synovial inflamma-
tion [12]. An adaptive immune response is elic-
ited in lymphoid tissues with T-cell and B-cell 
activation, thus producing antibodies including 
anti-citrullinated peptide (CCP) antibodies and 
rheumatoid factor [12]. The synovium is the pri-
mary target of a systemic immune response in 
RA.  Innate immune cells and macrophage- like 
synoviocytes produce cytokines and chemokines 
that attract a host of leukocytes, most notably 
memory CD4+ T cells. Interestingly, these T cells 
form ectopic germinal centers with mature B 
cells in the synovium causing the production of 
auto-antibodies in the joint tissue [12]. Cytokine 
signatures in RA are characterized by pro-ath-
erosclerotic mediators including IL-1, IL-6, and 
TNFα [12].

In comparison to individuals without RA, 
CV mortality and ischemic heart disease in 
patients with RA are up to 50% and 59% higher, 
respectively [13]. Chronic systemic and vascular 
inflammation is felt to play a dominant role in 
enhancing CV risk [13]. Vascular arterial FDG-
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PET studies show that disease activity, presence 
of rheumatoid nodules, and higher anti- CCP anti-
body titers are associated with ascending aortic 
inflammation [14]. ESR and hs-CRP in RA also 
track with enhanced CV risk [15]. While specific 
mechanisms to explain vascular inflammation in 
RA remain under investigation, upregulated IL-6 
and TNFα, a dominant role of T lymphocytes 

and macrophages, along with the contribution 
of endothelial dysfunction, platelet activation 
and hypercoagulability promote atherosclerosis 
[13]. Patients with RA are also often prescribed 
glucocorticoids and NSAIDs, which can inde-
pendently elevate risk further [12]. Tofacitinib, a 
JAK inhibitor approved for the treatment of rheu-
matoid arthritis (and ulcerative colitis), may fur-
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Fig. 12.1 Meta-analysis assessing the association between 
pro-inflammatory cytokines and risk of non-fatal myocar-
dial infarction or coronary heart disease death. Box with 

line indicates relative risk with 95% confidence interval. 
Diamond indicates composite relative risk with 95% confi-
dence interval. (Adapted from Kaptoge et al. [7])
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ther elevate the risk of thrombosis [16]. Finally, 
a well-described lipid paradox exists, whereby 
higher RA activity is associated with lower circu-
lating LDL-cholesterol and unexpectedly higher 
CV events [15].

 Lifestyle Management in RA 
to Reduce CV Risk

Identification of elevated CV risk in RA is key 
and major medical societies now consider RA 
to be a risk enhancing condition [4]. A 1.5 mul-
tiplier to traditional CV risk estimators is sug-
gested to calculate total risk in RA patients [17]. 
Similar to a patient without RA, risk reduction 
strategies include recognition and treatment of 
traditional risk factors, especially as higher rates 
of metabolic syndrome (upwards of 30%) [18], 
smoking, and obesity are present [18]. Smoking 
is not only associated with RA, but also contrib-
utes to disease pathogenesis, with active smok-
ing increasing the odds of developing RA up to 
two- fold [19]. Among many other pathologic 
changes, smoking is shown to potentiate anti-
CCP antibodies and elevate levels of hs-CRP, 
IL-6, TNFα, and the IL-1 family of cytokines, 
thereby potentiating both RA and atherosclero-
sis [19]. Therefore, smoking cessation must be 
aggressively emphasized, for both the CV health 
benefits and to alleviate RA symptomatology 
[19].

Another consideration in RA is the unique 
physical activity and mobility restriction which 
may make a recommended 30  minutes a day 
5  days a week of aerobic activity particularly 
challenging. It is not yet clear if exercise regi-
mens in the RA population lead to a decrease 
in biomarkers of inflammation [20]. However, 
clinical trials in the RA population show that 
aerobic activity is feasible and safe with 70% 
of RA patients able to tolerate prescribed exer-
cise programs. The beneficial CV health impact 
of exercise is similar among patients with and 
without RA and such activity should be encour-
aged [21].

 Dietary Considerations to Reduce  
CV Risk

The overlap between RA and diet with regard to 
systemic inflammation and gut microbial changes 
makes diet another key part of CV risk manage-
ment of patients with RA. Studies of vegan and 
Mediterranean diets in the RA population have 
shown a reduction in pro-atherosclerotic inflam-
matory biomarkers, decreased BMI, circulating 
lipids, and improvement in RA disease severity 
and progression [22]. Finally, fish-oil supple-
mentation, both via dietary consumption and oral 
supplementation with Omega-3 derivatives, was 
shown to improve RA clinical severity in ran-
domized clinical trials [22]. These data portray 
the impact dietary counseling can have on sys-
temic inflammatory profiles and CV risk in RA.

 Psoriasis

Psoriasis is a chronic, pro-inflammatory condi-
tion of the skin presenting primarily as thick, 
well-demarcated, and erythematous scaly 
plaques [23]. Upwards of 20% also have joint 
involvement (psoriatic arthritis) [23]. Psoriasis 
affects 2–3% of all Americans [23]. There is no 
obvious gender predilection and studies suggest 
a bimodal age distribution with incidence peak-
ing between 30–39 and 50–69 years of age [23]. 
Skin lesions of psoriasis start through a com-
bination of environmental stimuli and genetic 
predisposition driving an inflammatory cascade 
(termed initiation phase) composed of den-
dritic cells, T cells, keratinocytes, and neutro-
phils. Cytokines produced during this process 
include type I and II interferons, TNFα, IL-6, 
and IL-1β. Activation of myeloid dendritic cells 
produces IL-12/23 leading to further T-cell dif-
ferentiation with the production of IL-17 fam-
ily of cytokines. Inflammatory mediators and 
cross-talk between the innate and adaptive 
immune systems drive keratinocyte activation 
and proliferation. A pro- inflammatory feed-
back loop is generated with Th17 production of 
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IL17A [23]. Breaking of the positive feedback 
loop is a mainstay of anti-inflammatory thera-
pies in psoriasis.

Meta-analyses support an approximate 50% 
increased risk of CVD in patients with psoriasis, 
and CV-risk stratification guidelines now con-
sider psoriasis a risk enhancing condition [24]. 
Psoriasis disease severity directly associates with 
not just pro-atherosclerotic biomarkers such as 
IL-6 and hs-CRP, but also endothelial and vascu-
lar inflammation [25]. Inflammasome signaling, 
IL-6 [26], and a synergistic component of IFNƔ, 
TNFα, and the IL17 family contribute to vascu-
lar arterial inflammation in psoraisis [25, 27]. 
Direct immunologic mechanisms linking psoria-
sis with early atherosclerosis are heterogeneous 
and still under investigation. Lymphoid abnor-
malities (including upregulated TH1 and TH17 
cells) associate with many pro-inflammatory 
pro- atherosclerotic processes in psoriasis [28]. 
However, recent work has shifted to the contribu-
tion of myeloid cells including neutrophils, clas-
sical monocytes, and platelet activation to further 
explain mechanisms that drive atherosclerosis in 
psoriasis [29].

 Lifestyle Management in Psoriasis 
to Reduce Cardiometabolic Disease

Comorbidities in psoriasis are frequently under-
diagnosed and undertreated [30]. The odds of 
having a coexisting CV risk factor (obesity, 
smoking, hypertension, and hyperlipidemia) 
with psoriasis varies depending on the popula-
tion studied but can range between 1.03–1.31 for 
mild and 1.31–2.23 for severe psoriasis [30]. For 
example, obesity doubles the risk of developing 
psoriasis [31] and enhances vascular inflamma-
tion [32]. The odds of metabolic syndrome is up 
to two-fold higher and hyperlipidemia upwards 
of four-fold higher than controls [33]. Smoking 
itself can increase the risk of psoriasis by over 
70% (in some studies up to two-fold) and worsens 
the severity of psoriasis [34]. Therefore, manage-
ment of CV risk in psoriasis requires aggressive 

lifestyle modification to reduce and treat known 
CV risk factors.

In obese psoriasis patients, a hypocaloric diet 
and those patient who undergo bariatric surgery 
for weight loss (specifically those with initial 
BMI  >  40  kg/m2) have a 50% reduced risk of 
psoriasis disease progression in addition to other 
CV benefits [35]. In a Cochrane review of over 
1000 obese patients with psoriasis or psoriatic 
arthritis, structured exercise along with dietary 
programs to achieve weight loss improved qual-
ity of life and provided up to a 75% improve-
ment in the severity of psoriasis skin lesions [36]. 
These data suggest obesity assessment and treat-
ment is a critical part of psoriasis management. 
Finally, while smoking cessation should strongly 
be encouraged and probably improves psoriasis 
severity [37], clinical trials evaluating this are 
limited [36].

 Specific Dietary Consideration 
in Psoriasis to Reduce 
Cardiometabolic Disease

Dietary free fatty acids (such as in fried foods) in 
psoriasis are shown to amplify the pro- inflammatory 
phenotype and skin inflammation in psoriasis 
including enhanced inflammasome production of 
IL-1β and IL-18 [31]. As such, specific diets have 
been evaluated in overweight- obese psoriasis 
including the Ornish and South Beach to induce 
weight loss, but it is not clear if these specifically 
improve psoriasis severity [38]. Gluten-free diets 
are shown to improve psoriasis severity only in 
those with known celiac disease [38]. Recognizing 
the impact weight and diet can have on psoriasis 
severity and CV risk, the National Psoriasis 
Foundation recently published dietary recommen-
dations [38]. Overall, a generalized hypocaloric diet 
is recommended in psoriasis. However, a 
Mediterranean diet should be considered due to its 
known CV benefits and high in omega-3 fatty acid 
content, as well as association with reduced psoria-
sis skin severity and systemic inflammatory mark-
ers such as hs-CRP [38].
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 Systemic Lupus Erythematosus

SLE is a heterogeneous clinical autoimmune dis-
order characterized by systemic immune activa-
tion and multi-organ system tissue injury [39]. In 
a recent US population-based registry, prevalent 
SLE was found to be 62.2 per 100,000 person 
years with nine-fold higher rates in women com-
pared to men [40]. SLE disproportionately affects 
racial and ethnic minorities with three- and two- 
fold higher rates in non-Hispanic Black and 
Hispanic women, respectively [40]. SLE patho-
genesis is driven both by dysfunctional clear-
ance of apoptotic debris, and the production of 
auto- reactive antibodies [41]. Apoptotic-derived 
nucleic acids stimulate pattern recognition recep-
tors, most notably toll-like receptors (TLRs), 
which are an integral part of the innate and adap-
tive immune response to viral pathogens [41]. 
TLR ligation produces type I IFNs, strongly asso-
ciated with SLE, which promote B-cell differen-
tiation and loss of adaptive immune tolerance 
[41]. Persistent auto-reactive B cells produce the 
somatically mutated IgG anti-nuclear antibodies 
pathognomonic of SLE [41].

Importantly SLE carries a significant risk 
of morbidity and mortality with late deaths 
most often due to CV [42]. In a recent nested 
case–control study using the National Inpatient 
Sample, SLE patients exhibited higher preva-
lent atherosclerotic CVD compared to age- and 
sex- matched controls at an adjusted odds ratio 
of 1.46 [43]. Notably, the CVD prevalence dis-
parity was most pronounced at younger ages 
with SLE patients developing atherosclerosis 
in their 20s [43]. SLE patients have increased 
carotid artery intima-media thickness with 
plaque detected in 21% of patients under 35, 
and nearly 100% of those over 65  years of 
age [44]. Clinically, SLE can produce CVD 
by several mechanisms including accelerated 
atherosclerosis, arteritis, thrombosis, and vaso-
spasm among others [45]. As a primary target 
of inflammatory cytokines, the endothelial bar-
rier function is compromised in SLE [39]. Pro-
inflammatory soluble mediators, such as TNF-α 
and IL-1, cause the endothelium to express 
adhesion molecules and chemokines [46]. 

Macrophages, foam cells, platelet activation, 
and reactive oxygen species all drive endothe-
lial dysfunction and accelerated atherosclerotic 
plaque production in SLE [39].

 Lifestyle Management in SLE 
to Reduce Cardiometabolic Disease

Risk assessment, the first step in reduction, is 
notoriously difficult in SLE due to disease het-
erogeneity [47]. Though SLE patients tend to 
have high prevalence of traditional CV risk fac-
tors, this phenomenon does not fully account for 
excess atherosclerotic disease [48]. SLE activ-
ity, medication use, particularly prednisone, 
and prevalence of anti-phospholipid antibodies 
are all contributory [45]. CV risk scores devel-
oped in general populations such as Framingham 
(FRS) and the American College of Cardiology/
American Heart Association (ACC/AHA) pooled 
cohort equation consistently under- estimate risk 
in SLE patients [49].

The approach to CV risk reduction in SLE 
should be aimed at healthful behavior change 
in addition to pharmacological interventions. 
Counseling on diet and exercise is of crucial 
importance [50]. SLE patients often experience 
fatigue, musculoskeletal pain, and/or require 
prednisone, all of which may reduce the oppor-
tunity for exercise and promote obesity [51]. 
Sleeplessness and fatigue are widely reported 
in SLE and are major barriers to maintaining 
healthy lifestyle choices that prevent CVD [51]. 
SLE patients experiencing high levels of fatigue, 
are shown to sleep less, exercise less, and smoke 
more [51]. Strategies to improve fatigue and, 
therefore, quality of life include recommending 
greater than 7 h of sleep per night, and a regu-
lar exercise regimen [51]. Aerobic exercise at 
least three times per week has been shown to 
improve exercise tolerance, fatigue scores, and 
maximum oxygen consumption [19]. Exercise 
also improves brachial artery flow- mediated dila-
tion over 16 weeks, a proxy for  vascular health 
[52]. Finally, smoking cessation should be a cor-
nerstone of CV risk management in SLE [44]. 
Smoking has been associated both with worsened 
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SLE disease activity and CVD events in multiple, 
high-quality observational studies [53].

 Dietary Consideration in SLE 
to Reduce Cardiometabolic Disease

A balanced heart-healthy diet should be aimed 
at maintaining a BMI less than 25  kg/m2 with 
both low-calorie and low-glycemic-index diets 
shown to promote healthy body weight in SLE 
[50]. Upwards of 60% of SLE patients have a 
co- existing diagnosis of dyslipidemia character-
ized by elevated total cholesterol, triglycerides, 
and LDL-C, along with decreased HDL-C [54]. 
Dyslipidemia and particularly elevated triglycer-
ides have been independently associated with CV 
events in SLE, and therefore, should be managed 
aggressively through diet, pharmacologic inter-
ventions, and minimizing glucocorticoid dosing 
[55]. Omega-3 fatty acid supplementation may 
also be beneficial to improving endothelial func-
tion as measured by FMD in SLE patients [50]. 
Supporting this, in an observational study of 114 
patients with SLE, higher adipose tissue EPA and 
DHA levels associated with a lower incidence 
of carotid intimal medial thickness in SLE [56]. 
Conversely, diets high in carbohydrates associ-
ate with SLE-characteristic dyslipidemia [56]. 
SLE patients should be monitored for adequate 
vitamin D levels, and supplementation should be 
provided if required, as low vitamin D levels in 
SLE track with elevated CV risk factors includ-
ing hypertension, hyperlipidemia, elevated CRP, 
higher SLE disease activity, and CV events [57].

 Inflammatory Bowel Disease

Inflammatory bowel disease, including Crohn’s 
disease and ulcerative colitis (UC), is a chronic 
inflammatory disease of the gastrointestinal 
(GI) tract. The incidence of IBD is rising world-
wide, with overall prevalence expected to soon 
reach 1% [58]. Its pathophysiology involves an 
interaction between environmental, genetic, and 
host–microbial commensal flora that initiates a 
localized autoimmune reaction including epithe-

lial damage within the GI tract [59]. The result-
ing inflammatory cascade occurs across multiple 
cell lines such as those of myeloid lineage and 
CD4+ Th1-derived T lymphocytes. Upregulated 
cytokines in this process include TNF, IL-1β, 
IFNs, IL-12/23 along with disturbances in the 
TH17 and IL-17 pathways, which are critical for 
maintaining gut epithelial homeostasis [59]. The 
importance of these cytokines in the pathogen-
esis of IBD is further emphasized by the efficacy 
of treatment with anti-TNF and IL-12/23 bio-
logics and the potential worsening of disease in 
those given IL-17 inhibitors [60].

With regard to vascular complications, venous 
thromboembolism (VTE) may be the most com-
mon and is reported to be between 1.7-fold and 
5.5-fold higher than in those without IBD [61]. 
Atherosclerotic and arterial thromboembolic 
CV complications are also elevated, with rates 
approximately 20% higher than patients without 
IBD [62]. The relative impact of IBD on CV risk 
may be higher in women (RR 1.35; 95% CI [1.21–
1.51]) with IBD as compared to males (RR 1.19; 
95% CI [1.03–1.38]) [63]. As opposed to other 
pro-inflammatory conditions, it is not yet clear 
if traditional CVD risk factors in IBD including 
obesity, metabolic syndrome, and hypertension 
exhibit a higher prevalence [64]. In fact, circulat-
ing lipids may actually be lower when compared 
to matched non-IBD patients [65]. Therefore, 
hypothesized mechanisms to relate IBD to CVD 
focus less on the impact of traditional CV risk 
factors and more on how cytokines such as IL-6, 
TNFα, and low-grade endotoxemia driven by dis-
turbances in intestinal barrier homeostasis impart-
elevated CV risk [66].

 Lifestyle Management to Reduce 
Cardiometabolic Disease in IBD

While minimal data exist on how lifestyle 
and dietary management can improve CV risk 
 specifically in the IBD population, recommen-
dations to reduce inflammatory activity in IBD 
often overlap with standard CVD prevention tech-
niques. Similar to other pro-inflammatory condi-
tions, smoking is shown to promote inflammation 
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in Crohn’s disease and patients with Crohn’s who 
smoke have worse outcomes, further highlight-
ing the importance of smoking cessation in this 
population [67]. Physical activity is also associ-
ated with a lower incidence of Crohn’s disease 
and in some studies was shown to decrease dis-
ease flares [68].

 Dietary Considerations to Reduce 
Cardiometabolic Disease in IBD

Although the etiology of IBD is clearly multi-
factorial, epidemiologic data point to a definite 
role of environmental factors in triggering the 
inflammation underlying the disease, and a grow-
ing body of evidence supports diet and its effect 
on the microbiome playing at least part of that 
environmental role. A “Western diet,” high in 
saturated fat and animal intake and low in plants 
is linked to not just enhanced CVD but also felt 
to be associated with the development of IBD 
[69]. In addition, some evidence suggests that 
high fiber intake – and foods rich in Omega-3 and 
Omega-6, which are important in CV prevention –
are associated with a lower risk of development of 
IBD, most notably Crohn’s disease, and maybe 
beneficial in those diagnosed with Crohn’s [70].

While its evidence base is quite limited, the 
most well-known diet promoted to reduce intesti-
nal inflammation is the specific carbohydrate diet, 
a restrictive diet that eliminates poorly absorbed 
carbohydrates under the theory that these lead 
to intestinal damage via promotion of a pro-
inflammatory gut microbiome. Other proposed 
diets or dietary modifications to reduce inflam-
mation in IBD (and presumably reduce CV risk) 
include a semi-vegetarian diet, the Mediterranean 
diet, red meat reduction, and increasing fruit 
and vegetable intake (importantly, in those with 
Crohn’s this last dietary modification includes 
only those patients who do not have intestinal 
strictures) [71]. Finally, a unique consideration in 
IBD patients, as compared to other populations 
with pro-inflammatory conditions, is the risk for 
protein-calorie malnutrition [72]. Protein-calorie 
malnutrition in IBD is associated with a 3.5-fold 
in-hospital mortality likely reflecting a substan-

tial burden of disease in this population [73]. In 
summary, nutritional status and nutrient intake 
play an important role in IBD management which 
may also have implications for CV outcomes.

 Human Immunodeficiency Virus

HIV infection can be divided into three phases: 
the viral transmission phase, the acute phase, and 
then chronic phase, which eventually progresses 
into acquired immunodeficiency syndrome 
(AIDS). The advent of effective antiretroviral 
therapy (ART) has transformed HIV from almost 
uniformly fatal, into a chronic illness where the 
causes of morbidity and mortality are often no 
longer AIDS-related complications but rather 
CVD [74]. In a simplified manner, HIV infection 
is characterized by a destruction and dysregula-
tion of CD4+ T cells and activation of cytotoxic 
CD8+ T cells. While many immune system abnor-
malities normalize after initiation of ART,  others 
do not. Specifically in chronic, treated HIV, 
destruction of CD4+ Th17 T cells, essential in gut 
epithelial homeostasis, lead to chronic microbial 
translocation and endotoxemia driving monocyte 
activation and pro-inflammatory cytokines such 
as IL-6, IL-1β, TNFα, MCP1 as well as platelet 
activation [75]. Increased B-cell activation is also 
present often leading to a higher percentage of 
B-cell malignancies. [76] Finally, a strong type 
I IFN signature is also felt to play a role in the 
chronic inflammation of HIV [77].

Not surprisingly, and in part because of these 
immune abnormalities, CVD plays a significant 
role in enhanced morbidity and mortality of HIV 
with a 1.5–2-fold increased rate of CV events 
compared to those not infected with HIV [74]. 
Dyslipidemia, particularly hypertriglyceride-
mia, is common in HIV and correlated with the 
degree of viremia [74]. Hypertension, metabolic 
syndrome, diabetes, smoking, and heavy alco-
hol use are also more prevalent, especially in 
developed nations. Although multifactorial, the 
pro- inflammatory disease state which defines 
chronic HIV is felt to play a role in potentiating 
CV risk [74]. For example, in the Strategies for 
Management of Antiretroviral Therapy (SMART) 
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study to test CD4 guided vs continuous ART, 
higher CRP and IL-6 levels were associated with 
an eight-fold increase in risk of all-cause mor-
tality [78]. Both endothelial damage and vas-
cular inflammation (in FDG-PET studies) are 
increased in HIV and associated with monocyte 
activation [79], thus enhancing atherosclerosis 
development. Based on these observations, CV 
guidelines now recommend treating HIV as a CV 
risk enhancing condition [80].

 Lifestyle Management in HIV 
to Reduce Cardiometabolic Disease

The conventional lifestyle and unhealthy dietary 
patterns that drive CVD development in the non- 
HIV population have also been studied in the 
HIV population [74]. In developed nations, up 
to 40% of those with HIV are active smokers, 
highlighting the importance of smoking cessa-
tion [74]. Those HIV patients with low-physical 
activity, also exhibit depression, reduced adher-
ence to ART, and higher viral load [74]. In sur-
vey studies of HIV individuals, specific barriers 
to a healthy lifestyle include the higher cost of 
obtaining nutritious foods, an environment not 
conducive toward healthy eating, and lack of a 
social support system [81]. For example, having 
a strong patient–provider relationship improves 
ART adherence and healthy behavior patterns 
[81]. Finally, dietary and lifestyle interventions 
can work and are beneficial in HIV [82]. Regular 
exercise (e.g., 1-h, 3× week gym class combined 
with nutritional counseling) is shown to decrease 
fat mass, waist circumference, and glucose while 
raising CD4+ T cells, muscle mass, and improv-
ing quality of life [82]. These data suggest that in 
HIV individuals, similar to the general popula-
tion, adherence to healthy diet and exercise regi-
mens can improve patient CV outcomes.

 Dietary Consideration in HIV 
to Reduce Cardiometabolic Disease

The appropriate macro- and micro-nutrient 
intake of the HIV individual potentially impact-

ing overall CV health is an active area of inves-
tigation. While we have discussed many of the 
increased risks in the developed world, the devel-
oping world often faces different problems. The 
resting energy expenditure of HIV is approxi-
mately 10% higher than in healthy individuals 
[83], exacerbating problems of malnutrition due 
to food insecurity and poverty in HIV health and 
management. In these countries, supplementa-
tion with multivitamins including vitamin D, 
and increasing protein intake can increase CD4 
count, potentially reduce hs-CRP [84], and sub-
sequently reduce HIV progression and mortality 
[83]. These data have led to position statements 
from the American Dietetic Association high-
lighting the importance of food security, nutri-
tion education, and nutrition supplementation 
when appropriate in the individual living with 
HIV [85].

In chronic HIV infection, especially in devel-
oped nations for those on ART, obesity, metabolic 
syndrome, hyperlipidemia, and hypertriglyceri-
demia are of significant concern and have dietary 
implications. Studies evaluating nutrient inter-
vention in HIV show a beneficial impact on over-
all health. In a randomized trial of a reduced-fat 
diet in HIV individuals initiated on ART, those 
who underwent dietary intervention reduced tri-
glycerides by 25%. At the end of the study, 21% 
in the treated and 68% in the untreated groups 
met the criteria for dyslipidemia [86]. Given its 
CV risk reduction benefits, the Mediterranean 
diet has also been studied in HIV. Adherence to a 
Mediterranean lifestyle in HIV is associated with 
less insulin resistance, higher HDL-C, and a trend 
toward lower triglycerides [87]. Omega-3 supple-
mentation, especially in those with hypertriglyc-
eridemia, is shown to be effective, and in light 
of the negative impact of elevated triglycerides 
in CVD progression, can be considered in those 
with have an inadequate response to dietary inter-
ventions [88]. In summary, a dietary approach to 
reduce CV risk in chronic HIV has to be custom-
ized to baseline nutritional status, feasibility, and 
individual metabolic abnormalities. Interventions 
designed to improve cardiometabolic profiles in 
HIV are shown to be successful and should be 
considered in those with HIV.
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 Conclusion

In summary, atherosclerosis development is a 
complex interplay between the endothelium, vas-
culature, lipids, platelets, innate, and adaptive 
immunity. The systemic inflammation derived 
from autoimmune and autoinflammatory condi-
tions creates a predisposition to atherosclerosis 
development, thus leading to elevated rates of 
adverse CV events. A general approach to man-
aging CV risk in these patients is to ensure appro-
priate screening of traditional CV risk factors 
(hypertension, obesity, smoking, dyslipidemia, 
and diabetes). Once recognized, lifestyle modifi-
cation including smoking cessation, exercise, and 
dietary regimens (including omega-3 and vita-
min D supplementation) can have an impact not 
just on CV risk, but also on autoimmune disease 
severity and control.
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 Introduction

 Low-Density Lipoprotein 
and Atherosclerosis

Atherosclerosis is a complex process that 
involves many factors, but the cholesterol-rich 
apolipoprotein B (apoB)-containing lipoproteins 
have emerged as the chief initiating and driving 
factor. Cholesterol and triglycerides, water-insol-
uble lipids, require protein-containing complexes 
called lipoproteins for solubilization in the aque-
ous plasma and for transport to tissue. ApoB is 
the major structural protein (apolipoprotein) 
found on atherogenic lipoproteins and serves 
as the scaffold for lipidation and as a ligand for 
receptor binding. The five major atherogenic 
lipoproteins include chylomicron remnants, very- 
low- density lipoprotein, intermediate-density 
lipoprotein, low-density lipoprotein (LDL), and 
lipoprotein(a). Although LDL is the principle ath-
erogenic lipoprotein, largely due to its relatively 
high plasma concentrations relative to other lipo-
proteins, other apoB-containing lipoproteins (up 
to about 70 nm in diameter) also play a role in the 

initiation and progression of atherosclerosis [1]. 
LDL particles penetrate the arterial endothelial 
cell lining, especially in the presence of endo-
thelial dysfunction, and enter the subendothelial 
space where they interact with positively charged 
intimal proteoglycans to become retained in the 
arterial wall [2]. The subendothelial retention of 
apoB-containing lipoprotein particles leads to a 
complex interplay between metabolic and inflam-
matory processes that leads to the initiation of an 
atheroma. Early atherogenesis can be impacted 
by many factors including hyperlipidemia, lipo-
protein influx, lipoprotein modification, turbulent 
blood flow, and alterations in the endothelium, 
smooth muscle cells, and matrix. According to 
the response- to- retention hypothesis of early ath-
erogenesis, lipoprotein retention is an absolute 
prerequisite for lesion development and appears 
to be sufficient in the majority of circumstances 
to provoke otherwise normal cellular and matrix 
elements to participate in a stream of events lead-
ing to atherosclerosis [3].

 Importance of Lowering LDL 
Cholesterol for Primary Prevention 
of Cardiovascular Disease

Data from numerous observational studies suggest 
that, even in the absence of other risk factors, severe 
hypercholesterolemia (e.g., LDL-cholesterol 
[LDL-C] ≥ 190 mg/dL) is associated with signifi-
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cantly increased risk for atherosclerotic cardiovas-
cular disease (ASCVD) [4]. One of the earlier trials 
evaluating the efficacy of decreasing cholesterol in 
reducing the risk of coronary heart disease (CHD) 
was the LRC- CCPT (Lipid Research Clinics 
Coronary Primary Prevention Trial), including 
3806 asymptomatic middle-aged men. The study 
revealed that treatment with bile acid sequestrant 
cholestyramine was associated with a 20% reduc-
tion in LDL-C with an associated 19% reduction 
in the incidence of CHD [5]. In the Air Force/
Texas Coronary Atherosclerosis Prevention Study 
(AFCAPS/TexCAPS), treatment with lovastatin 
reduced LDL-C by 25% compared to placebo and 
reduced the incidence of first acute major coronary 
events after 5.2  years [6]. The (HOPE)-3 (Heart 
Outcomes Prevention Evaluation) trial studied the 
effect of statins in 12,705 intermediate- risk, ethni-
cally diverse participants without cardiovascular 
disease [7]. Rosuvastatin reduced LDL-C level by 
27% compared to the placebo at 5 years. Treatment 
with rosuvastatin resulted in a 24% reduction in 
the primary composite outcome of death from 
CVD, non-fatal myocardial infarction, or non-
fatal stroke. The JUPITER (Justification for the 
Use of Statins in Prevention: an Intervention Trial 
Evaluating Rosuvastatin) trial, included 17,802 
men and women free of cardiovascular disease at 
baseline with LDL-C levels <130 mg/dL and high-
sensitivity C-reactive protein levels ≥2.0  mg/L 
and randomized them to rosuvastatin 20 mg daily 
vs. placebo. Rosuvastatin reduced LDL-C levels 
by 50% and significantly reduced the incidence of 
a first major cardiovascular event by 44% [8]. It is 
clear from the evidence that there is a significant 
benefit associated with LDL-C lowering in the pri-
mary prevention of ASCVD (Table 13.1).

 Importance of Lowering LDL 
Cholesterol for Secondary 
Prevention of Cardiovascular 
Disease

Many large clinical trials assessed the impact of 
LDL-C lowering in patients with known CVD. In 
the 4S (Scandinavian Simvastatin Survival Study), 
4444 patients with known CHD were randomly 

assigned to simvastatin (10–40 mg daily) or pla-
cebo [9]. At the end of 5.4  years, simvastatin 
reduced LDL-C level by 35%. Treatment with 
simvastatin resulted in a 42% reduction in coro-
nary mortality and a 35% reduction in major coro-
nary events. More recently, non-statin therapies 
were evaluated in patients with ASCVD in the 
IMPROVE-IT (Improved Reduction of Outcomes: 
Vytorin Efficacy International Trial). This study 
enrolled 18,144 patients with a recent acute coro-
nary syndrome (within 10 days of enrollment) and 
randomly assigned participants to receive simvas-
tatin 40 mg plus ezetimibe 10 mg or simvastatin 
40  mg daily plus placebo. The median time–
weighted average LDL-C level during the study 
was 53.7  mg/dL in the simvastatin/ezetimibe 
group as compared with 69.5 mg/dL in the simv-
astatin monotherapy group [10]. At the conclu-
sion of the study, there was a 6.5% proportional 
reduction in major cardiovascular events (cardio-
vascular death, non-fatal MI, unstable angina 
requiring hospitalization, coronary revasculariza-
tion ≥30  days after randomization, or non-fatal 
stroke) with combination therapy compared to 
simvastatin/placebo. The study concluded that 
reducing LDL-C to levels below previous targets 
provided additional benefit (e.g., even lower 
LDL-C is even better). The discovery of propro-
tein convertase subtilisin/kexin type 9 (PCSK9) 
and the recent development and approval of the 
PCSK9 inhibitors have transformed our under-
standing of lipoprotein metabolism and our abil-
ity to manage patients with hypercholesterolemia 
and/or ASCVD. The FOURIER (Further 
Cardiovascular Outcomes Research with PCSK9 
Inhibition in Subjects with Elevated Risk) trial 
assessed the efficacy of evolocumab when added 
to statin therapy in patients with clinically evident 
ASCVD [11]. In total, 27,564 participants with 
ASCVD and LDL-C levels of 70 mg/dL or higher 
who were on  optimized statin therapy were ran-
domly assigned to receive evolocumab (either 
140 mg every 2 weeks or 420 mg monthly) or pla-
cebo. After a median follow-up of 2.2 years, treat-
ment with evolocumab, as compared with placebo, 
led to a reduction in LDL-C from a median base-
line value of 92–30 mg/dL corresponding to 59% 
reduction. There was a significant 15% reduction 

P. A. Chevli and M. D. Shapiro



195

Ta
bl

e 
13

.1
 

Pr
im

ar
y 

pr
ev

en
tio

n 
tr

ia
ls

 o
f 

lip
id

-l
ow

er
in

g 
dr

ug
s

T
ri

al
St

ud
y 

de
si

gn
Sa

m
pl

e 
si

ze
Pa

rt
ic

ip
an

ts
D

ru
g 

do
sa

ge
Fo

llo
w

-u
p 

tim
e

M
ea

n 
ba

se
lin

e 
L

D
L

-C
 

(m
g/

dL
) 

an
d 

ch
an

ge
 

w
ith

 in
te

rv
en

tio
n

Pr
im

ar
y 

ou
tc

om
e

A
FC

A
PS

/
Te

xC
A

PS
 [

6]
R

C
T

66
05

Pa
rt

ic
ip

an
ts

 w
ith

ou
t c

lin
ic

al
 e

vi
de

nc
e 

of
 

A
SC

V
D

L
ov

as
ta

tin
 (

20
–4

0 
m

g 
da

ily
) 

or
 p

la
ce

bo
5.

2 
ye

ar
s

15
0,

 ↓
 2

5%
In

ci
de

nc
e 

of
 fi

rs
t a

cu
te

 m
aj

or
 

co
ro

na
ry

 e
ve

nt
s 
↓ 

37
%

A
SC

O
T-

L
L

A
 

[8
9]

R
C

T
10

,3
05

H
yp

er
te

ns
iv

e 
pa

tie
nt

s
A

to
rv

as
ta

tin
 1

0 
m

g 
da

ily
 o

r 
pl

ac
eb

o
3.

3 
ye

ar
s

13
1,

 ↓
 3

0%
N

on
-f

at
al

 M
I 

an
d 

fa
ta

l C
H

D
 ↓

 
36

%
H

O
PE

-3
 (

7)
R

C
T

12
,7

05
In

te
rm

ed
ia

te
-r

is
k 

pa
rt

ic
ip

an
ts

 w
ith

ou
t 

C
V

D
R

os
uv

as
ta

tin
 1

0 
m

g 
da

ily
 o

r 
pl

ac
eb

o
5.

6 
ye

ar
s

12
8,

 ↓
 2

7%
Pr

im
ar

y 
co

m
po

si
te

 o
ut

co
m

e 
of

 
de

at
h 

fr
om

 C
V

D
, n

on
-f

at
al

 
M

I,
 o

r 
no

n-
fa

ta
l s

tr
ok

e 
↓ 

24
%

JU
PI

T
E

R
 [

8]
R

C
T

17
,8

02
Pa

rt
ic

ip
an

ts
 f

re
e 

of
 C

V
D

 a
t b

as
el

in
e 

w
ith

 
L

D
L

-C
 le

ve
ls

 <
13

0 
m

g/
dL

 a
nd

 h
ig

h-
 

se
ns

iti
vi

ty
 C

R
P 

le
ve

ls
 ≥

2.
0 

m
g/

L

R
os

uv
as

ta
tin

 2
0 

m
g 

da
ily

 o
r 

pl
ac

eb
o

1.
9 

ye
ar

s
10

8,
 ↓

 5
0%

Fi
rs

t m
aj

or
 c

ar
di

ov
as

cu
la

r 
ev

en
t ↓

 4
4%

L
R

C
-C

PP
T

 
[5

]
R

C
T

38
06

A
sy

m
pt

om
at

ic
 m

id
dl

e-
ag

ed
 m

en
 w

ith
 

pr
im

ar
y 

hy
pe

rc
ho

le
st

er
ol

em
ia

B
ile

 a
ci

d 
se

qu
es

tr
an

t 
ch

ol
es

ty
ra

m
in

e 
re

si
n 

or
 

pl
ac

eb
o

7.
4 

ye
ar

s
20

5,
 ↓

 2
0%

D
efi

ni
te

 C
H

D
 d

ea
th

 ↓
 1

9%
N

on
-f

at
al

 M
I 
↓ 

24
%

W
O

SC
O

PS
 

[9
0]

R
C

T
25

60
Pa

rt
ic

ip
an

ts
 w

ith
 L

D
L

-C
 ≥

 1
90

 m
g/

dL
 

an
d 

w
ith

ou
t e

vi
de

nc
e 

of
 v

as
cu

la
r 

di
se

as
e

Pr
av

as
ta

tin
 4

0 
m

g 
da

ily
 

or
 p

la
ce

bo
4.

9 
ye

ar
s

20
6,

 ↓
 2

0%
C

H
D

 ↓
 2

7%
M

A
C

E
 ↓

 2
5%

A
F

C
A

P
S/

Te
xC

A
P

S 
A

ir
 F

or
ce

/T
ex

as
 C

or
on

ar
y 

A
th

er
os

cl
er

os
is

 P
re

ve
nt

io
n 

St
ud

y,
 A

SC
O

T-
L

L
A

 A
ng

lo
 S

ca
nd

in
av

ia
n 

C
ar

di
ac

 O
ut

co
m

es
 T

ri
al

-L
ip

id
 L

ow
er

in
g 

A
rm

, A
SC

V
D

 a
th

er
o-

sc
le

ro
tic

 c
ar

di
ov

as
cu

la
r 

di
se

as
e,

 C
H

D
 c

or
on

ar
y 

he
ar

t 
di

se
as

e,
 C

R
P

 C
-r

ea
ct

iv
e 

pr
ot

ei
n,

 C
V

D
 c

ar
di

ov
as

cu
la

r 
di

se
as

e,
 H

O
P

E
-3

 H
ea

rt
 O

ut
co

m
es

 P
re

ve
nt

io
n 

E
va

lu
at

io
n 

St
ud

y 
3,

 
JU

P
IT

E
R

 J
us

tifi
ca

tio
n 

fo
r 

th
e 

U
se

 o
f 

St
at

in
s 

in
 P

ri
m

ar
y 

Pr
ev

en
tio

n:
 A

n 
In

te
rv

en
tio

n 
T

ri
al

 E
va

lu
at

in
g 

R
os

uv
as

ta
tin

 tr
ia

l, 
L

D
L

-C
 lo

w
-d

en
si

ty
 li

po
pr

ot
ei

n 
ch

ol
es

te
ro

l, 
L

R
C

-C
P

P
T

 
L

ip
id

 R
es

ea
rc

h 
C

lin
ic

s 
C

or
on

ar
y 

Pr
im

ar
y 

Pr
ev

en
tio

n 
T

ri
al

, M
A

C
E

 m
aj

or
 a

dv
er

se
 c

ar
di

ov
as

cu
la

r 
ev

en
t, 

M
I 

m
yo

ca
rd

ia
l i

nf
ar

ct
io

n,
 R

C
T

 r
an

do
m

iz
ed

 c
on

tr
ol

le
d 

tr
ia

l, 
W

O
SC

O
P

S 
W

es
t o

f 
Sc

ot
la

nd
 C

or
on

ar
y 

Pr
ev

en
tio

n 
St

ud
y

13 Dietary Approaches to Lowering LDL-C



196

in the risk of the primary composite endpoint of 
cardiovascular death, myocardial infarction, 
stroke, hospitalization for unstable angina, or cor-
onary revascularization with evolocumab treat-
ment above and beyond background optimal 
medical therapy. Several meta-analyses have also 

suggested similar cardiovascular benefits with an 
intensive lowering of LDL-C in patients with 
ASCVD [12–14]. In conclusion, the totality of the 
evidence indicates that reducing plasma LDL-C 
level is an integral component of secondary pre-
vention of ASCVD (Table 13.2).

Table 13.2 Secondary prevention trials of lipid-lowering drugs

Trial
Study 
design

Sample 
size Participants Drug dosage

Follow-up 
time

Mean 
baseline 
LDL-C (mg/
dL) and 
change with 
intervention Primary outcome

4S [9] RCT 4444 Patients with 
CHD

Simvastatin 
(10–40 mg 
daily) or 
placebo

5.4 years 188, ↓ 25% Coronary mortality 
↓ 42%
Major coronary 
events ↓ 35%

CARE [91] RCT 4159 Patients with 
MI

Pravastatin 
40 mg daily or 
placebo

5 years 139, ↓ 32% Fatal CHD or 
confirmed MI ↓ 
24%

FOURIER 
[11]

RCT 27,564 Patients with 
ASCVD

Evolocumab 
(either 140 mg 
every 2 weeks 
or 420 mg 
monthly) or 
placebo

2.2 years 92, ↓ 59% Primary composite 
outcome of 
cardiovascular 
death, MI, stroke, 
hospitalization for 
UA, or coronary 
revascularization ↓ 
15%

IMPROVE-IT 
[10]

RCT 18,144 Patients who 
were 
hospitalized 
for an ACS 
within the 
preceding 
10 days

Simvastatin 
(40 mg) and 
ezetimibe 
(10 mg) or 
simvastatin 
(40 mg) and 
placebo

6 years 94, ↓ 24% Primary composite 
outcome of death 
from CVD, a major 
coronary event, or 
non-fatal stroke ↓ 
6.5%

PROSPER 
[92]

RCT 5804 Patients with 
history of, or 
risk factors 
for, vascular 
disease

Pravastatin 
40 mg daily or 
placebo

3.2 years 147, ↓ 34% Primary composite 
outcome of death 
from CHD, 
non-fatal MI, and 
fatal or non-fatal 
stroke ↓ 15%

ODYSSEY 
[93]

RCT 18,924 Patients with 
ACS within 
the preceding 
1–12 months

Alirocumabor 
75 mg every 
2 weeks or 
placebo

2.8 years 92, ↓ 55% Primary composite 
endpoint of death 
from CHD, 
non-fatal MI, fatal 
or non-fatal 
ischemic stroke, or 
UA requiring 
hospitalization

4S Scandinavian Simvastatin Survival Study, ACS acute coronary syndrome, ASCVD atherosclerotic cardiovascular 
disease, CARE Cholesterol and Recurrent Events, CHD coronary heart disease, CVD cardiovascular disease, FOURIER 
Further Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk, IMPROVE-IT 
Improved Reduction of Outcomes: Vytorin Efficacy International Trial, LDL-C low-density lipoprotein cholesterol, MI 
myocardial infarction, PROSPER PROspective Study of Pravastatin in the Elderly at Risk, RCT randomized controlled 
trial, UA unstable angina
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 Impact of Diet on LDL-C

 Dietary Fat and LDL

The relationship between macronutrient intake 
in the diet and plasma LDL-C concentrations is 
well known. Historically, there was an empha-
sis on the reduction of total dietary fat intake. In 
aggregate, clinical studies have failed to reveal a 
favorable impact on CVD by taking this approach 
[15]. However, it is now understood that the spe-
cific type of fat is far more critical in influencing 
plasma lipids and CVD outcomes [16].

 Dietary Cholesterol
The main sources of dietary cholesterol are egg 
yolks. The other major sources include dairy 
products, shrimp, beef, pork, and poultry. A 
systematic review and meta-analysis of ran-
domized controlled trials exploring the quanti-
tative effect of egg consumption on serum lipid 
concentrations demonstrated that compared 
with non-egg- consumers, consumption of eggs 
increased LDL-C by 5.5 mg/dL [17]. However, 
the consumption of eggs also increased HDL-C, 
and there was no effect on the LDL-C: HDL-C 
ratio. A meta-analysis of 13 randomized con-
trolled trials investigating the impact of dietary 
cholesterol interventions on serum LDL-C 
showed a significant increase in LDL-C when 
comparing intervention with control doses of 
dietary cholesterol [18]. The “National Lipid 
Association Recommendations for Patient-
Centered Management of Dyslipidemia” recom-
mend limiting cholesterol intake to <200  mg/
day to maintain a cardioprotective eating pattern 
[19]. It is important to note that intestinal absorp-
tion of cholesterol is variable with both hyper- 
and hypo- absorbers. Some individuals show 
little or no increases in LDL-C in response to a 
higher intake of dietary cholesterol, while others 
show responses well above the average [19, 20]. 
Dietary Guidelines for Americans (2015–2020) 
do not limit the consumption of dietary choles-
terol to 300 mg per day in contrast to the 2010 
Dietary Guidelines [21]. However, the guideline 

suggests that limiting dietary cholesterol is an 
integral part of building a healthy eating pattern. 
It is particularly important that individuals with 
inherited hypercholesterolemia (e.g., familial 
hypercholesterolemia) continue to limit dietary 
cholesterol intake.

 Saturated Fatty Acids
High concentrations of saturated fatty acids are 
found in red meat, dairy products, and plant- 
derived products such as palm kernel oil and 
coconut oil. Saturated fats increase LDL-C 
through different mechanisms (Fig.  13.1). 
However, issues related to saturated fats and 
their impacts on LDL-C are considerably more 
nuanced. The LDL-C raising effect of saturated 
fatty acids progressively increases as the chain 
length of saturated fat diminishes. Specifically, 
lauric acid (C12:0) is more potent than myris-
tic acid (C14:0) and palmitic acid (C16:0) in 
increasing LDL-C.  On the other hand, lauric 
acid has also been shown to increase high-den-
sity  lipoprotein (HDL)-cholesterol (HDL-C), 
though the clinical significance of this effect is 
unclear [22]. The DELTA (Dietary Effects on 
Lipoproteins and Thrombogenic Activity) study 
compared the average American diet contain-
ing 15% of total calories from saturated fat to 
a low saturated fat diet containing 6.1% of total 
calories from saturated fat. The lower saturated 
fat diet was associated with an 11% reduction 
in LDL-C as compared to the typical American 
diet [23]. However, the evidence suggests that 
the effect of saturated fatty acids on LDL-C is 
modified by the food source within which they 
are consumed [24]. A randomized controlled 
trial of 49 participants demonstrated that cheese 
consumption was associated with lower LDL-C 
when compared with butter intake of equal fat 
content [25]. A meta-analysis of 36 random-
ized control trials of red meat consumption in 
comparison with other diets exhibited no sig-
nificant difference in plasma LDL-C concentra-
tion [26]. Similarly, evidence has suggested that 
a higher intake of processed meat is associated 
with a neutral or increased risk of CVD, while 
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dairy products have a neutral or beneficial effect 
on CVD [16]. Evidence, as provided in these 
examples, has called into question the recom-
mendation to keep total saturated fat consump-
tion below 10% of total calories. In fact, many 
experts suggest evaluating the quality of dietary 
nutrients, components, and patterns rather than 
a rigid reliance on absolute proportions of mac-
ronutrients [27].

 Polyunsaturated Fatty Acids
Omega-3 (ω-3) and Omega-6 (ω-6) fatty acids 
are polyunsaturated fatty acids (PUFAs) as 
they contain more than one cis double bond in 
the long-carbon fatty acid chain. Unlike satu-
rated and monounsaturated fats, humans cannot 
synthesize PUFA because they lack desaturase 
enzymes necessary to insert a cis double bond at 
the n-3 and n-6 positions of a fatty acid. Hence, 
PUFA are considered essential fatty acids. 
Dietary ω-3 PUFA include eicosapentaenoic 
acid (EPA), docosahexaenoic acid (DHA), and 
α-linolenic acid (ALA). Oily fish such as herring, 
salmon, sardines, oysters, and tuna are the rich-
est dietary sources of EPA and DHA. Flaxseed, 
chia seed, and walnuts are the primary dietary 

sources of ALA.  Most studies investigating the 
effect of ω-3 PUFA on plasma lipids are notable 
for the consistent triglyceride-lowering proper-
ties of EPA and DHA, particularly at high doses 
(4 grams per day). On the other hand, ω-3 PUFA 
have shown either no effect or a slight increase in 
LDL-C [28]. A 2018 Cochrane systematic review 
of 79 RCTs revealed no beneficial effect of EPA, 
DHA, or ALA on LDL-C [29]. However, most 
studies demonstrated an increase in mean LDL 
particle size without an increase in LDL particle 
number [29]. This shift toward large LDL par-
ticles may confer cardiovascular benefit, as small 
dense LDL (sdLDL) particles have relatively 
greater atherogenic potential [30]. Mechanisms 
by which sdLDL may facilitate atherogenesis are 
illustrated in Fig. 13.2.

The main dietary ω-6 PUFA are linoleic acid 
(LA) and arachidonic acid (AA). LA is found in 
vegetable oils such as safflower oil, sunflower 
oil, and corn oil, as well as nuts and seeds. AA is 
present in small amounts in eggs, meat, and poul-
try. A meta-analysis of 27 RCTs suggested a ben-
eficial effect of LA on LDL-C [31]. A Cochrane 
systematic review of 19 RCTs, including 6461 
participants, demonstrated that replacing dietary 

↓ Hepatic
LDL receptor

synthesis

↓ Affinity of
LDL particles
to receptor

↓ Hepatic
LDL receptor

binding

↑ Hepatic
Lipase activity

↑ CETP
activity ↑ sdLDL

↑ Conversion
of IDL to LDL

↓ Clearance of
LDL particles

Saturated
Fatty Acid ↑Plasma LDL-C

Fig. 13.1 Impact of saturated fatty acids on plasma LDL-C. CETP cholesteryl ester transfer protein, IDL intermediate- 
density lipoprotein, LDL-C low-density lipoprotein cholesterol, sdLDL small dense low-density lipoprotein
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saturated fatty acids with ω-6 PUFA lowered total 
blood cholesterol. Still, there was no evidence of 
LDL-C reducing benefits [32].

 Monounsaturated Fatty Acids
In contrast to PUFA, monounsaturated fatty acid 
(MUFA) contains only one cis double bond. 
The primary source of MUFA includes dairy 
products, red meat, and plant-based oil, includ-
ing olive oil. MUFA is also found in avocados, 
peanut butter, and other nuts and seeds. An RCT 
of 58 participants tested the effect of replacing 
saturated fat with MUFA or PUFA [33]. At the 
end of the study period, the serum LDL-C level 
decreased by 18% in those on the MUFA diet 
and by 13% in those on the PUFA diet. The study 
concluded that a diet rich in MUFA was as effi-
cacious as a diet rich in PUFA in lowering LDL- 
C.  In the OmniHeart (Optimal Macronutrient 
Intake Trial to Prevent Heart Disease) study, 
replacing saturated fat with MUFA led to a 
significant decrease in LDL-C [34]. A similar 
reduction in LDL-C was observed in a meta-

analysis of 27 trials investigating the replace-
ment of saturated fat with MUFA [31].

 Trans Fatty Acids
There are two main sources of trans fatty acids 
(TFA). Naturally occurring TFA can be found 
in small amounts from meat and dairy products. 
However, the major dietary source is synthetic 
TFA found in processed foods. The partial hydro-
genation of unsaturated fat found in vegetable oil 
leads to the formation of TFA.  This process is 
used by the food industry to increase the shelf- life 
of processed foods and to enhance flavor. A meta-
analysis of 32 clinical trials demonstrated that a 
high intake of industrial TFA lead to increases 
in serum LDL-C [35]. Another meta- analysis 
of 12 randomized controlled trials on isocaloric 
replacement of saturated fat or cis unsaturated 
fats with TFA revealed that the consumption of 
TFA increases LDL-C as compared with the con-
sumption of an equal number of calories from 
saturated or cis unsaturated fats [36]. Given their 
harmful effects on atherogenic lipid levels, sys-

↓ Receptor
mediated
uptake

↑
Susceptibility
to oxidation

↑ ApoCIII
content

↑ Propensity to
transport in SE

space

↑ Intravascular
retention time

sdLDL ↑Atherogenesis

Fig. 13.2 Putative mechanisms for enhanced atherogenicity of small, dense LDL. ApoCIII apolipoprotein CIII, sdLDL 
small dense low-density lipoprotein, SE subendothelial space
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temic inflammation, and ASCVD, the 2019 ACC/
AHA Guideline on the Primary Prevention of 
Cardiovascular Disease recommended minimiz-
ing the consumption of TFA [37].

In summary, dietary cholesterol is associated 
with increased LDL-C.  The effect of saturated 
fat on LDL-C is modulated by the food source. 
EPA and DHA may not reduce LDL-C but could 
confer CVD protection through increasing LDL 
size and triglyceride lowering. Replacement of 
saturated fat with MUFA seems to have a benefi-
cial effect on LDL-C. The consumption of TFA 
has been consistently shown to increase LDL-C 
(Table 13.3).

 Dietary Sugars and LDL

The major source of added sugar among US 
adults aged 20 and overcomes from sugar- 
sweetened beverages such as fruit-flavored 
drinks, sodas, and sports drinks [38]. Low-calorie 
sweetened beverages and 100% fruit juices are 
frequently considered as a healthier alternative 
to sugar-sweetened beverages. A cross-sectional 
analysis from the National Health and Nutrition 

Examination Survey (NHANES) demonstrated 
that intake of added sugar was positively asso-
ciated with higher LDL-C [39]. A prospective 
cohort of the Coronary Artery Risk Development 
in Young Adults (CARDIA) Study demonstrated 
that higher consumption of sugar-sweetened bev-
erages was associated with increased risk of high 
LDL-C at 20  years [40]. A longitudinal study 
from the FOS (Framingham Offspring Study) 
and GEN3 (Generation Three) cohorts examined 
the association of sugar-sweetened beverages, 
low-calorie sweetened beverages, and fruit juice 
consumption with changes in the lipid profile 
[41]. The study demonstrated that the regular 
consumption of sugar-sweetened beverages was 
associated with decreased HDL-C and increased 
triglycerides. Moreover, recent low-calorie 
sweetened beverage consumption was associ-
ated with increased LDL-C.  Sugar-sweetened 
beverages are sweetened primarily with fructose, 
sucrose, or high-fructose corn syrup (HFCS) 
[42]. A meta-analysis of 19 controlled feeding 
trials indicated that there was a dose–response 
relationship between fructose consumption and 
LDL-C [43]. Fructose intake >100  g/day sig-
nificantly increased LDL-C by 11.6  mg/dL.  A 

Table 13.3 Dietary fats and LDL-C

Cholesterol SFA ω-3 PUFA ω-6 PUFA MUFA TFA
Sources Egg yolks, 

chicken, beef, 
pork, shrimp, 
cheese, butter

Red meat, 
cheese, 
butter, whole 
milk, palm 
kernel oil, 
coconut oil

Oily fish such 
as herring, 
salmon, 
sardines, 
oysters, and 
tuna; flaxseed, 
chia seed, 
walnut

Vegetable oils 
such as 
safflower oil, 
sunflower oil, 
and corn oil; 
flaxseed, 
pumpkin seeds, 
walnuts

Vegetable oils 
such as olive oil, 
canola oil, 
peanut oil, 
sunflower, and 
safflower oils; 
avocados, peanut 
butter

Processed 
food, dairy 
products, 
beef, lamb

Effect on LDL-C ↑ LDL-C ↑ LDL-C No effect on 
LDL-C

No effect on 
LDL-C

↓ LDL-C ↑ LDL-C

Recommendation Limit 
cholesterol 
intake to 
reduce 
ASCVD risk

Limit SFA 
intake to less 
than 7% of 
total daily 
calories 
intake to 
reduce 
ASCVD risk

Replace SFA 
with PUFA to 
reduce 
ASCVD risk

Replace SFA 
with PUFA to 
reduce ASCVD 
risk

Replace SFA 
with MUFA to 
reduce ASCVD 
risk

Avoid TFA 
to reduce 
ASCVD 
risk

ASCVD atherosclerotic cardiovascular disease, LDL-C low-density lipoprotein cholesterol, MUFA monounsaturated 
fatty acids, PUFA polyunsaturated fatty acids, SFA saturated fatty acids
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2-week parallel-arm trial, including a total of 
187 participants, demonstrated that consumption 
of beverages containing 10%, 17.5%, or 25% of 
energy requirements from HFCS produced sig-
nificant linear dose-response increase fasting 
LDL cholesterol [44]. Hence, the 2019 ACC/
AHA Guideline and the Dietary Guidelines for 
Americans (2015–2020) recommend minimizing 
or entirely eliminating sugar-sweetened beverage 
consumption [21, 37].

 Dietary Fibers and LDL

Dietary fibers represent the indigestible part of 
plant foods. Dietary fibers are classified based 
on their solubility in water as soluble fibers or 
insoluble fibers. They are mainly found in veg-
etables, fruits, oats, nuts, barley, and legumes. 
Dietary fibers are also available as supplements 
that contain psyllium, methylcellulose, and 
wheat dextrin. A meta-analysis of 67 randomized 
controlled trials evaluating the effect of soluble 
fibers on plasma lipids found that soluble fiber 
consumption of 1  g/day was associated with 
approximately a 2  mg/dL reduction of LDL-C 
[45]. A randomized control trial of 68 patients 
evaluated the LDL-C lowering effect of psyl-
lium added to simvastatin [46]. The study found 
that the addition of 15 g of daily psyllium fiber 
to 10 mg  simvastatin/day achieved a similar 36% 
LDL-C reduction to that achieved with 20  mg 
simvastatin/day. A more recent meta-analysis of 
28 randomized controlled trials evaluating the 
effects of psyllium on LDL-C found that the sup-
plementation of 10.2 g/day of psyllium reduced 
the LDL-C by an average of 12.9  mg/dL.  The 
National Lipid Association (NLA) and the 
2016 ACC Expert Consensus Decision Pathway 
(ECDP), recommend the incorporation of solu-
ble dietary fiber as a dietary adjunct for lowering 
LDL-C in patients with dyslipidemia [19, 47].

 Phytosterols and LDL

Plant sterols and plant stanols are commonly 
referred to as phytosterols (plant-based ste-

rols) that are similar in structure to cholesterol. 
Phytosterols are found in foods of plant origin, 
including vegetable oils, nuts, whole grains, 
seeds, and legumes. There are also dietary 
supplements fortified with phytosterols avail-
able commercially. Numerous studies have 
demonstrated the beneficial effects of the con-
sumption of foods enriched with free or esteri-
fied forms of phytosterols on LDL-C [48, 49]. 
A meta-analysis of 124 studies examining the 
LDL-C lowering effect of phytosterols demon-
strated that the consumption of 0.6–3.3  g/day 
of phytosterols was associated with a 6–12% 
reduction in LDL-C in a dose-response fash-
ion [50]. In one meta-analysis including 15 tri-
als, phytosterols consumption of 1.8–6  g/day 
in patients treated with statins was associated 
with 11.7 mg/dL lower LDL-C compared with 
a statin alone [51]. The NLA and the 2016 ACC 
ECDP, recommend considering the use of phy-
tosterols as a part of lifestyle modification to 
reduce LDL-C for primary and secondary pre-
vention of ASCVD [19, 47].

 Dietary Patterns and LDL

The 2019 ACC/AHA Guideline on the Primary 
Prevention of Cardiovascular Disease placed a 
significant emphasis on the benefits of a healthy 
diet [37]. In the following section, we will 
review some of the dietary patterns associated 
with improvements in the lipid profile, including 
LDL-C.

 DASH Diet
The DASH (Dietary Approaches to Stop 
Hypertension) trial was an outpatient controlled 
feeding study including 459 participants who 
were randomized to either a control dietary pat-
tern, similar to an average American diet or two 
experimental diets: FV (fruits, vegetable) diet or 
the DASH diet [52]. The FV dietary pattern con-
tained more fruit, vegetables, and whole grains 
and fewer sweets but had macronutrient content 
similar to that of the control diet. The DASH diet 
was a combination of dietary patterns, and com-
pared with the control and FV diet, it was higher 
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in protein and calcium and lower in saturated fat, 
total fat, and cholesterol. At the end of 8 weeks, 
the DASH diet, compared with the control diet, 
led to a significantly lower mean LDL-C level 
(−10.7  mg/dL), which represented a 9% net 
reduction [53]. The DASH-Sodium trial was a 
multicenter, randomized feeding trial, where 
participants were randomly assigned to a typical 
American control diet or the DASH diet, each pre-
pared with three levels of sodium [54]. The study 
revealed that compared with the control diet, the 
DASH diet significantly lowered LDL- C. Further 
improvement in LDL-C was found when part of 
the carbohydrate content in the DASH diet was 
replaced with either unsaturated fat or protein in 
the OmniHeart trial [34]. The OmniHeart was 
a randomized, three-period crossover design 
comparing the effect of three healthful diets on 
serum lipids and blood pressure. The three diets 
included a carbohydrate-rich diet, similar to the 
DASH diet, a protein-rich diet, and a diet rich in 
unsaturated fat. The study demonstrated that the 
DASH diet decreased mean LDL-C by an abso-
lute 11.6 mg/dL from baseline. Compared with 
the DASH diet, the protein-rich diet, but not the 
diet rich in unsaturated fat, significantly lowered 
LDL-C levels.

 Mediterranean Diet
The Mediterranean dietary pattern represents 
the dietary habits of populations bordering the 
Mediterranean Sea. While there is considerable 
regional variation in the Mediterranean diet, 
perhaps more appropriately referred to as the 
Mediterranean pattern, there are some general 
similarities found in this dietary pattern. This diet 
is enriched in fruits, vegetables, complex carbo-
hydrates, including whole grains, nuts, and seeds 
[55, 56]. Olive oil is a principal source of fat in 
this diet. Also, the typical Mediterranean diet is 
low in animal fat and simple sugars. The Med- 
RIVAGE (Mediterranean Diet, Cardiovascular 
Risks, and Gene Polymorphisms) study, includ-
ing 212 participants with moderate CVD risk, 
demonstrated a beneficial effect on LDL-C 
with the Mediterranean-type diet [57]. The 
Indo- Mediterranean Diet Heart Study random-

ized 1000 patients with angina pectoris, myo-
cardial infarction, or surrogate risk factors 
for CVD to receive either a diet rich in whole 
grains, fruits, vegetables, walnuts, and almonds 
or the Step 1 NCEP (National Cholesterol 
Education Program) diet. At the end of 2 years, 
both groups demonstrated a significant reduc-
tion in LDL- C. However, the effect was greater 
in the Mediterranean diet group [58]. A recent 
meta- analysis including 30 randomized control 
trials, including 12,461 participants compar-
ing the Mediterranean dietary intervention ver-
sus usual care or another dietary intervention 
(e.g., low-fat, the traditional diet of that coun-
try, national recommendations/disease-specific 
guidance, and vegetarian), demonstrated that the 
Mediterranean diet produced small beneficial or 
no effect on LDL-C levels [59]. The PREDIMED 
(Prevención con Dieta Mediterránea) study is the 
largest randomized control study to evaluate the 
health effects of the Mediterranean diet on 7447 
subjects at high risk for cardiovascular disease 
[60]. The participants were assigned to one of 
three diets: a Mediterranean diet supplemented 
with extra-virgin olive oil, a Mediterranean diet 
supplemented with mixed nuts, or a control 
diet (low-fat diet). The original trial, which was 
published in 2013, demonstrated a beneficial 
effect of the Mediterranean diet supplemented 
with extra-virgin olive oil or nuts on major car-
diovascular events. However, it was retracted 
after identifying protocol deviations, including 
enrollment of household members without ran-
domization, assignment to a study group with-
out randomization of some participants at 1 of 
11 study sites, and apparent inconsistent use of 
randomization tables at another site. After the 
omission of 1588 participants whose study-group 
assignments were known or suspected to have 
departed from the protocol, the results did not 
change [61]. A random subsample of 210 indi-
viduals from the PREDIMED study revealed that 
the Mediterranean diet supplemented with extra- 
virgin olive oil led to a statistically significant 
absolute 10.5  mg/dL decrease of LDL-C level. 
Moreover, measures of LDL oxidation and LDL 
particle size were improved in participants ran-
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domized to the Mediterranean diet supplemented 
with extra-virgin olive oil compared to the low- 
fat diet [62]. The Mediterranean diet supple-
mented with nuts exhibited similar trends but did 
not reach statistical significance.

 Plant-Based Vegetarian Diet
There are many variations to the vegetarian diet, 
including the pescovegetarian diet (seafood with 
or without eggs and dairy), lactovegetarian diet 
(dairy), lacto-ovo-vegetarian diet (eggs and dairy), 
and vegan diet (no animal products). A plant-based 
vegetarian diet incorporates vegetables and fruits 
as well as whole grains, beans, legumes, nuts, and 
seeds. The Oxford Vegetarian Study was an obser-
vational study of 11,040 participants residing in the 
United Kingdom and revealed that vegans exhib-
ited lower LDL-C compared to meat-eaters [63]. 
One of the earliest trials to examine the impact of 
lifestyle changes on the progression of coronary 
atherosclerosis was the Lifestyle Heart Trial, which 
was a randomized controlled trial conducted from 
1986 to 1992, including 48 patients with moderate 
to severe coronary heart disease [64]. The partici-
pants in the experimental group were prescribed 
an intensive lifestyle program that included adher-
ing to a vegetarian diet in addition to other life-
style modifications (smoking cessation, exercise, 
and stress management). After 1 year, LDL-C lev-
els decreased by 40% in the experimental group 
compared to a 1.2% decrease in LDL-C in the 
control group. In a crossover experiment, Cooper 
et al. examined the effects of a lactovegetarian diet 
in 15 healthy, nonsmoking physicians and medi-
cal students [65]. The participants were randomly 
assigned to a low- saturated fat vegetarian diet or a 
“typical American diet.” Compared to the omnivo-
rous diet, participants consuming the vegetarian 
diet experienced a 14.7% decrease in LDL-C. In 
the GEICO (Government Employees Insurance 
Company) study, 291 participants with a body 
mass index (BMI) ≥25 kg/m2 and/or a previous 
diagnosis of Type 2 diabetes were randomized 
to either a low-fat vegan diet or a group without 
any dietary changes [66]. After 18 weeks, LDL-C 
was reduced by 8.1  mg/dL for the participants 
consuming a low-fat vegan diet compared with 

only 0.9 mg/dL reduction in LDL-C in the control 
group. Another randomized control trial investi-
gated the impact of a low-fat vegan diet on cardio-
vascular risk factors in 99 individuals with Type 
2 diabetes [67]. The participants were random-
ized to a low-fat, low-glycemic index vegan diet 
or to the American Diabetes Association (ADA) 
diet. After 22 weeks, the participants consuming 
a vegan diet experienced a 21.2% reduction in 
LDL-C compared to a 10.7% reduction in those 
consuming the ADA diet. It is important to note 
that the benefits of the vegetarian diet could be due 
to specific components of the diet with lipid-low-
ering properties. The “portfolio” diet is a vegan 
diet with emphasis on plant sterols, soy foods, vis-
cous fibers, and almonds. In a randomized control 
trial of 25 individuals with hyperlipidemia, partici-
pants were randomized to either a portfolio diet or 
a lacto-ovo-vegetarian diet [68]. At the end of the 
trial, LDL-C was reduced by 12.1% in the partici-
pants assigned to a lacto-ovo- vegetarian diet while 
the portfolio diet led to a 35% reduction in LDL-
C.  Another study examining the impact of the 
portfolio diet enrolled 45 hyperlipidemic individu-
als to determine whether the portfolio diet leads 
to cholesterol reduction similar to statins [69]. 
The participants were randomly assigned to either 
a low-fat diet, a low-fat diet plus lovastatin, or a 
vegetarian portfolio diet. Interestingly, the portfo-
lio diet group and the low-fat diet plus statin group 
demonstrated  significant and comparable reduc-
tions in LDL-C. A 2017 meta-analysis, including 
49 studies (30 observational studies and 19 clinical 
trials), demonstrated that compared to the omniv-
orous diet, the plant-based vegetarian diet low-
ered LDL-C by 15–30% [70]. The CARDIVEG 
(Cardiovascular Prevention With Vegetarian Diet) 
was the first randomized control trial assessing the 
effects of a lacto-ovo-vegetarian diet compared to 
a Mediterranean diet on CVD risk factors [71]. 
After 3 months of dietary intervention, compared 
with the Mediterranean diet, the vegetarian diet 
led to a significant reduction in LDL-C. The plant-
based vegetarian diets may reduce serum LDL-C 
through multiple mechanisms [72]. The plant-
based vegetarian diet, including fruits, vegetables, 
whole grains, legumes, nuts, and various soy prod-
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ucts, contain a number of phytochemicals includ-
ing plant sterols and/or stanols, phytoestrogen, 
and flavonoids [73]. The beneficial effect of plant 
sterols/stanols and flavonoids is likely related to 
inhibition of cholesterol absorption in the small 
intestine [74]. The phytoestrogen content of soy 
facilitates plasma LDL-C reduction through an 
increase in the excretion of bile acids with con-
comitant increased LDL receptor expression on 
hepatocytes [75]. Phytoestrogens can also inhibit 
the oxidation of LDL [76].

 Ketogenic Diet
The ketogenic diet is a high-fat, low- carbohydrate 
diet that has generated a lot of interest and has led 
to a great deal of debate, especially regarding its 
safety and long-term effects on cardiovascular 
health [77]. There are many versions of a keto-
genic diet with a different ratio of macronutrients. 
In general, the typical ketogenic diet consists of 
70–80% calories from fat, 10–20% calories from 
protein, and 5–10% from carbohydrate. The keto-
genic diet causes the body to break down fat into 
ketones, which becomes the primary source of 
energy. The hypothesized favorable mechanisms 
of ketosis include appetite suppressant action of 
the ketone bodies, increased lipolysis, and greater 
metabolic efficiency in consuming fats [78]. A 
randomized control trial of 30 normal-weight, 
healthy individuals, assessed the impact of the 
ketogenic diet on LDL-C. The participants were 
assigned to either a ketogenic diet or a habitual 
diet for 3  weeks. There was a 44% increase in 
LDL-C among the participants allocated to 
the ketogenic diet at the end of 3 weeks, while 
LDL-C remained unchanged in the control group 
[79]. Similarly, several meta- analyses also dem-
onstrated deleterious effects on plasma LDL-C 
associated with the ketogenic diet [80–82].

 Intermittent Fasting
Intermittent fasting (IF) includes different eat-
ing patterns such as time-restricted feeding, 
alternate- day fasting, and 5:2 intermittent fast-
ing (fasting 2 days each week) [83]. The exact 
underlying mechanism of the potentially ben-

eficial effects of IF is not entirely understood 
but may involve bolstering cellular stress resis-
tance and metabolic switching [84]. In a single-
arm, paired-sample trial, 19 participants with 
metabolic syndrome underwent 10  h of time-
restricted feeding for 12 weeks [85]. At the end 
of 12 weeks, participants observed a significant 
reduction in LDL-C (−12 ± 19 mg/dL [−11%], 
p  =  0.016), and this effect was independent of 
weight loss. Another study examined the effect 
of alternate-day fasting on CVD risk factors in 
obese individuals. The study enrolled 16 individ-
uals who completed the 10-week trial consist-
ing of three phases: (1) a 2-week control phase, 
(2) a 4-week weight loss/alternate-day fasting 
controlled food intake phase, and (3) a 4-week 
weight loss/alternate-day fasting self-selected 
food intake phase. At the study conclusion, there 
was a 25% reduction in LDL-C.  Several other 
studies have also demonstrated the LDL-C low-
ering effect of IF [86–88].

 Conclusion

LDL is in the causal pathway of ASCVD, and, 
as such, it is the primary target of therapy in 
all major international guidelines. Lifestyle 
 modifications, including the adoption of a healthy 
dietary pattern, remain paramount in the preven-
tion and management of ASCVD. The focus has 
shifted from restricting the total fat intake to a 
focus on the quality of specific types of fat as 
a means to reduce LDL-C and mitigate the risk 
of ASCVD.  In general, the effect of dietary fat 
on LDL-C is complex. Moreover, humans con-
sume food that contains different types and ratios 
of macronutrients like fats rather than eating in 
isolation. In recognition of the complexity of 
the impact of isolated nutrients on LDL-C, it is 
crucial to focus on a healthy dietary pattern. The 
totality of the evidence suggests that any dietary 
pattern that incorporates more vegetables, fruits, 
whole grains, and nuts optimizes LDL-C lower-
ing and is associated with improved cardiovascu-
lar outcomes (Table 13.4).
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Lifestyle Approaches to Lowering 
Triglycerides

Stephen J. Hankinson, Michael Miller, 
and Andrew M. Freeman

 Introduction

Approximately one-quarter of American adults 
age 20 and over have hypertriglyceridemia 
(HTG), defined as fasting blood triglyceride (TG) 
levels >150 mg/dL [1]. In the USA, the percent-
age of adults with TGs above 150, 200, 500, and 
1000  mg/dL are 33, 18, 1.7, and 0.4%, respec-
tively [2]. The prevalence of HTG is substantially 
higher in patients who are overweight and obese 
[3]. Other factors that contribute to elevated TG 
levels include physical inactivity, excessive alco-
hol intake, poor dietary choices including ultra- 
processed foods, hypothyroidism, and Type 2 
diabetes mellitus (T2DM) [4]. Epidemiological 
studies suggest that high TGs are associated 
with an elevated risk of atherosclerotic cardio-
vascular disease (ASCVD) [5, 6]. Genetic stud-
ies using Mendelian randomization demonstrate 
that high TGs are causally related to ASCVD 
[7–9]. Other genetic studies suggest individuals 
with mutations of apolipoprotein C-III (APOC3) 

and angiopoietin-like 4 (ANGPTL4), an inhibi-
tor of lipoprotein lipase (LPL), have lower TGs 
and reduced risk of ASCVD [10–12]. While TGs 
do not accumulate in atherosclerotic plaques, 
they promote a pro-inflammatory milieu due to 
enrichment of apolipoprotein B (ApoB) and apo-
lipoprotein C3 (ApoC3) containing particles, that 
contribute to the development and acceleration of 
atherosclerosis [13, 14]. Conversely, Mendelian 
randomization studies have found that genetic 
variants associated with reduced TG (e.g., LPL) 
or with low-density lipoprotein cholesterol (LDL-
C) were associated with a similarly lower risk of 
ASCVD per unit difference in ApoB, suggesting 
that all ApoB-containing lipoproteins have simi-
lar effects on the risk of ASCVD [15].

 Overview of Management

 Mild-Moderate Hypertriglyceridemia

The 2018 American Heart Association (AHA)/
American College of Cardiology (ACC) Guidelines 
recommend that patients age 40–75 years old and 
ASCVD risk ≥7.5% with persistently elevated 
TGs should consider statin therapy to lower ath-
erogenic lipoproteins. The guidelines also recom-
mend in adults with moderate HTG (175–499 mg/
dL) clinicians should address diet, exercise, sec-
ondary factors, and medications that increase 
TG levels [16]. Lifestyle modification through a 
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hypocaloric, low-fat diet, and aerobic exercise are 
particularly important for patients with mild-mod-
erate HTG who are overweight or obese [4].

 Severe Hypertriglyceridemia

The 2018 AHA/ACC Guidelines recommend that 
adults with severe HTG (≥500 mg/mL) have sec-
ondary causes of HTG ruled out and/or treated. 
With persistently elevated TGs, recommenda-
tions include weight loss via caloric restriction, 
avoidance of refined carbohydrates and alcohol, 
dietary fat reduction, consumption of omega-3 
polyunsaturated fatty acids (PUFAs), and/or 
fibrate therapy to prevent pancreatitis [16].

 Lifestyle Modifications

HTG in adults is commonly encountered in asso-
ciation with visceral adiposity, physical inactivity 
and a diet enriched in simple/refined carbohy-
drates [17]. Treatment of HTG has two distinct 
objectives: prevention of pancreatitis in patients 
with severe HTG (≥500  mg/dL) and reduction 
of global ASCVD risk [18] in those with more 
moderate HTG (200–500  mg/dL). Weight loss, 
dietary changes, and moderate-to-high aerobic 
exercise may offer pronounced reductions in TG, 
approximating 50% or greater when used in com-
bination [19, 20]. Furthermore, regular physical 
exercise has been demonstrated to reduce TGs 
irrespective of weight loss or diet [21, 22].

 Weight Loss

Weight loss is the most effective non-pharma-
cologic method to lower TG levels [23]. Aiming 
for 200–300  kcal/day via energy expenditure 
in association with reduced caloric intake that 
approximates 300–500  kcal/day may result in 

significant TG reduction [19]; in overweight 
and obese patients, a 5–10% reduction in body 
weight lowers TG 20–30% [24] and ameliorates 
other ASCVD risk factors [25]. The AHA recom-
mends weight loss of up to 5% of body weight for 
moderate HTG (150–199 mg/dL) and weight loss 
of 5–10% of body weight for high (200–499 mg/
dL) or very high (>500 mg/dL) HTG [20].

 Exercise

Moderate-to-heavy aerobic exercise is associated 
with improvement of the lipid profile by reduc-
ing TG levels and increasing high-density lipo-
protein cholesterol (HDL-C) concentrations [19]. 
Aerobic exercise lowers TGs via upregulation of 
LPL activity and increased utilization of TGs by 
skeletal muscle [26]. Baseline TG levels, exer-
cise intensity, caloric expenditure, and duration 
of activity predict the extent of TG lowering [20]. 
Guidelines recommend that patients with dyslip-
idemia participate in regular physical exercise of 
moderate intensity for ≥30 min/day [19].

 Dietary Management

Dietary modification with specific foods and 
supplements should be part of the initial therapy 
for patients with HTG [27, 28]. Dietary strategies 
to reduce TG levels include overall fat reduction, 
elimination of trans fatty acids (TFAs), increased 
consumption of omega-3 PUFAs, substitution of 
saturated fatty acids (SFAs) derived from animal 
and plant sources (e.g., tropical oils) with mono-
unsaturated fatty acids (MUFAs) and PUFAs, and 
replacement of refined starchy foods and simple 
sugars with fiber-rich foods like fruits, vegeta-
bles, and whole grains [19]. An example of help-
ful lifestyle tips for lowering triglycerides has 
been provided by the National Lipid Association 
(Fig.  14.1). In patients with very severe HTG 
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Lifestyle Changes to Reduce Triglycerides

Advice from the National Lipid Association Clinician’s Lifestyle Modification Toolbox

This information is provided as part of the Clinician’s Lifestyle Modification Toolbox courtesy of the National Lipid Association. 

Limit Foods High in Sugar–They can Increase TGs 
Try to limit foods high in both natural and added sugar 

(see box below). The National Lipid Association supports

the American Heart Association (AHA) guideline to limit
added sugar to no more than 6 teaspoons for women
and 9 teaspoons for men each day .

Limit Starchy Foods – Some can Increase TGs 
like white b reads , cereals, corn, crackers, 

pasta, potatoes, and white rice.When  

choosing star chy foods, keep portions

small. Rather than white,choose 

100% whole grain breads, cereals, 

crackers, pasta, and brown rice.

Oats and dried beans and peas 

are also great choices.

Avoid Alcohol or Consume 
Small Amounts – It can Increase TGs
Alcohol can increase your TGs, 

especially binge drinking with a high-fat 

meal. Alcohol also has extra calories that  

may cause you to be over weight. Extra

body fat can increase your TGs.

Include Healthy Fat at Meals
Eat foods with healthy fats. Choose small

amounts of vegetable oil (canola, corn, 

olive, safflower, or soybean). Within your  

total daily calories, choose unsalted

nuts, seeds, nutbutters, or avocado at

meals and snacks. Eat fewer foods 
with unhealthy fats like fatty meats,

and high - fat dairy foods and desserts.

Aim for a Healthy Weight
If you are overweight, eat smaller

portions of high calorie foods and larger

portions of vegetables and other low-

weight loss (5-10% of your current weight)

may lower your TGs.

Make Exercise Part of Your Day
Get at least 30 minutes of moderate-intensity 

exercise most days, or at least 150 minutes of

exercise each week.To better lower your TGs and for 

weight loss, work toward 200 to 300 minutes of

moderate-intensity exercise each week.

*If your TGs are over 500 mg/dL, you will need to follow a special nutrition plan. Please consult your healthcare  

provider for additional treatment. This will often includea referral to a registered dietitian nutritionist (RDN).

Helpful Tips to Lower Your Triglycerides

How Much Sugar are You
Eating and Drinking?

Drinks and Foods with Added Sugars
Sugar-sweetened soda,12 oz. 10–11 teaspoons
Cranberry juice cocktail,12 oz. 10 teaspoons
Lemonade,12 oz. 10 teaspoons
Coffee Frappuccino,12 oz. 9 teaspoons
Regular sports drink,12 oz. 5 teaspoons
Yogurt, regular,6 oz. 7 teaspoons
Pudding,½ cup 5 teaspoons
Ice Cream, regular,½ cup 4.5 teaspoons
Drinks and Foods with Natural Sugars

100% grape juice,12 oz. 13 teaspoons
100% orange juice,12 oz. 9 teaspoons
Grapes,1 cup 5.5 teaspoons
Orange,1 medium 3 teaspoons

What are triglycerides?

Triglycerides (TGs) are one form of fatin your blood. High levels of TGs can increase your risk of heart disease, 

stroke, and pancreatitis. Eating healthy and being physically active can help lower yourTG level. 

Blood levels of TGs (mg/dL) are:

Normal: less than 150  Borderline:150-199    High:200-499    *Very High:more than 500

A RDN can help you make a heart-healthy meal plan that works best for your lifestyle, 

and support you in your journey to change your nutrition habits.

Tips to Achieve Your AHA D aily Added Sugar Goal
and Lower Your Triglycerides

•

•

•
•

•

Limit high -sugar foods like candy, cakes cookies, cheesecake, 

ice cream , pastries, pies , pudding, and some yogurts .

Avoid sugary drinks like regular soda, fruit-flavored drinks, 

lemonade, coffee drinks, sports drinks, and energy drinks.   

Watch for Foods High in Natural Sugars

Fruit and 100% fruit juices are high in natural sugars, but also  

many nutrients.Fruit can be part of a healthy eating pattern .

Choose whole fruits at meals and for snacks. 

Limit fruit juice (even 100% fruit juice); a serving = ½ cup (4 oz.).

calorie foods. Even a small amount of

Fig. 14.1 Helpful tips for lowering triglycerides from the National Lipid Association. (Reproduced from the NLA as open 
access https://www.lipid.org/sites/default/files/lifestyle_changes_to_reduce_triglycerides.final_edits.7.17.16_0.pdf)
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whereby fasting levels exceed 1000 mg/dL (e.g., 
familial chylomicronemia syndrome), dietary 
recommendations include very low fat intake 
(e.g., <15  g/day), avoidance of alcohol and 
restriction of refined carbohydrates to lower the 
potential risk of pancreatitis [16, 19]. Medium 
chain triglyceride oil may be used as a caloric 
source as these fatty acids are directly taken up 
via the portal circulation rather than being pro-
cessed into chylomicrons [29].

 Fructose

Consumption of significant amounts of dietary 
fructose (particularly without fiber, i.e., juices) 
contributes to HTG [30]. Fructose has been 
shown to have a dose-dependent increase in 
TGs [31] through stimulating de novo lipogen-
esis in the liver and reducing LPL activity [32, 
33]. In contrast to glucose metabolism, which 
is regulated by phosphofructokinase, fructose 
metabolism is relatively unregulated [34]. A 
cross-sectional study of US adults demonstrated 
that the lowest TG levels were observed in 
low- sugar diets and the highest TG levels were 
observed in high-sugar diets [35]. The impor-
tance of limiting simple carbohydrates was 
demonstrated in a meta-analysis of trials that 
demonstrated that replacement of carbohydrates 
with any class of fatty acids decreased fasting 
serum TG levels [36].

 Trans Fatty Acids

TFAs originate from industrial partial hydroge-
nation of unsaturated fatty acids and occur natu-
rally in ruminant meat and dairy products [37, 
38]. TFAs are associated with both increased 
ASCVD and all-cause mortality [39]. Risk is 
reduced most effectively when TFAs and SFAs 
are replaced with cis unsaturated fatty acids [36]. 
Moreover, a diet that replaced TFAs with cis- 
PUFAs was shown to lower TGs [40].

 Alcohol

Moderate alcohol consumption (≤10  g/day; 
the equivalent of ~1–12-ounce bottle of beer, 4 
ounces of table wine, or 1 ounce of spirits) for 
men and women is acceptable if TGs are not 
elevated [19]. Moderate alcohol use has a weak 
association between increased TGs [41, 42]; 
however, higher consumption of alcohol is asso-
ciated with increased levels of TGs [43]. Alcohol- 
induced HTG may occur with a high-fat meal 
due to inhibition of LPL-mediated hydrolysis of 
chylomicrons [44]. Therefore, alcohol consump-
tion should generally be avoided in patients with 
severe HTG due to the potential increased risk of 
precipitating pancreatitis [45].

 Mediterranean Diet

The Mediterranean diet is characterized by 
high intake of virgin olive oil, fruits, vegeta-
bles, whole grains, nuts, and legumes, moder-
ate intake of fish and shellfish, low intake of 
meat, dairy and meat products, and consump-
tion of moderate amounts of wine during meals 
[46]. Meta-analyses have suggested that the 
Mediterranean diet lowers ASCVD risk [46–
48]. The Prevención con Dieta Mediterránea 
(PREDIMED) trial found that a Mediterranean 
diet, supplemented with either extra virgin olive 
oil or nuts, had a significantly lower combined 
endpoint of major adverse cardiovascular events 
such as myocardial infarction (MI), stroke, or 
cardiovascular death when compared with a 
reduced-fat diet; however, improved outcomes 
were largely driven by a reduction in stroke with 
no significant improvement in mortality or non-
fatal MI compared to controls [49]. A system-
atic review and meta-analysis of 30 randomized 
controlled trials (RCTs) concluded that uncer-
tainty still remains with regard to the effects of 
the Mediterranean diet on clinical endpoints and 
ASVCD risk factors [50]. The systematic review 
and meta-analysis concluded that there was 
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moderate-quality evidence for a small reduction 
of TGs when subscribing to the Mediterranean 
diet compared to other diets tested in primary 
ASCVD prevention [50]. In overweight and 
obese adults, the PREDIMED-Plus RCT demon-
strated that an energy-restricted Mediterranean 
diet with physical activity promotion and behav-
ioral support significantly decreased TG levels 
in comparison to an unrestricted Mediterranean 
diet after 12 months [51]. Furthermore, a meta- 
analysis demonstrated that a Mediterranean diet 
improved TG levels in patients with T2DM [52]. 
These findings suggest that the Mediterranean 
diet may also be a useful adjuvant with lifestyle 
modification to lower TG levels in overweight, 
obese, and T2DM patients.

 Dietary Approaches to Stop 
Hypertension Diet

The Dietary Approaches to Stop Hypertension 
(DASH) diet is typically high in fruits, vegeta-
bles, and fiber and low in dairy, animal protein, 
and SFAs [53]. The most relevant difference 
between the Mediterranean diet and the DASH 
diet is the emphasis of the former on virgin olive 
oil [19]. The DASH diet has not been demon-
strated to lower TG levels [54–56], which may 
in part, reflect the relatively high carbohydrate 
content of the diet [54]. In contrast, the Optimal 
Macronutrient Intake (OmniHeart) Trial, in 
which the carbohydrate content of the DASH diet 
was reduced and partially replaced with either 
protein or unsaturated fat, demonstrated lower 
TGs in both treatment arms [57]. These results 
suggest that substitution of carbs with moderate 
intake of (predominately) unsaturated fatty acids 
and plant-based proteins yields a TG-lowering 
effect approximating 10% [20].

 Low-Carbohydrate Diet

In absolute terms, low-carbohydrate diets include 
“non-ketogenic low-carbohydrate diets” contain-

ing 50–150  g of carbohydrates and “ketogenic 
low-carbohydrate diets” containing a maximum 
of 50  g of carbohydrates [58]. In overweight 
and obese adults, a meta-analysis of RCTs com-
pared the effects of balanced diets with low- 
carbohydrate diets found little or no difference in 
either weight loss or changes in cardiovascular 
risk factors (including TG levels) after 2 years of 
follow-up [59]. A meta-analysis of RCTs found 
overweight patients on low-carbohydrate diets, 
when compared to overweight patients on low-
fat diets, exhibited greater reduction in body 
weight and TG levels and a greater increase in 
HDL-C and LDL-C levels [60]. Furthermore, a 
meta- analysis of very-low-carbohydrate keto-
genic diets, when compared to low-fat diets, 
found significantly greater reductions in body 
weight and TG levels and greater increases in 
HDL-C and LDL-C levels [61]. Of note is that 
ketogenic diets may increase levels of LDL-C 
and the total number of apoB containing lipo-
proteins [62, 63], both of which contribute to the 
initiation and acceleration of atherogenesis [64]. 
Therefore, while a low-carbohydrate diet may be 
beneficial in patients with isolated HTG, patients 
with ASCVD, obesity, diabetes, and hyperten-
sion should exercise extreme caution when con-
sidering such a diet that incorporates a ketogenic 
component [65, 66].

 Plant-Based Diets

Vegan, vegetarian, lacto-vegetarian, lacto-ovo- 
vegetarian, and pesco-vegetarian diets are exam-
ples of plant-based diets, which are defined by 
low frequency of consumption of animal foods 
[67]. Prospective observational studies have 
found that higher intake of animal protein is asso-
ciated with higher cardiovascular mortality [68] 
and higher intake of plant protein correlates with 
lower all-cause and cardiovascular mortality [68, 
69]. Furthermore, substitution of red meat for 
plant protein is associated with lower all-cause 
mortality and cardiovascular mortality, suggest-
ing the importance of protein source for long- 
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term health and longevity [68, 69]. However, 
meta-analyses of meat-restricted diets compared 
with omnivorous diets demonstrated no asso-
ciated reduction in serum TGs [70, 71]. The 
Cardiovascular Prevention with Vegetarian Diet 
(CARDIVEG) was an RCT that found, when 
compared to a low-calorie lacto-ovo-vegetarian 
diet, the Mediterranean diet experienced greater 
reduction (~10%) in TG levels [72]. Overall, the 
literature on the beneficial effects of plant-based 
diets on TG levels has not been encouraging. 
Importantly, whole-food plant-based diets do not 
seem to raise triglycerides significantly.

 Marine Omega-3 Fatty Acids

Fish oil supplements containing the marine 
omega-3 PUFAs eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA) can lower TGs 
by 20–50% [73]. Interestingly, marine omega-3 
PUFAs can also be found in krill oil supplements, 
which were demonstrated in a meta-analysis of 
seven trials to reduce TGs [74]. The Japan EPA 
Lipid Intervention Study (JELIS), in which 
patients received a statin plus either EPA or a 
placebo, did not demonstrate a statistically sig-
nificant ASCVD risk reduction in either baseline 
triglyceride subgroup (<151 or ≥151 mg/dL) [75]. 
However, a subgroup analysis of primary preven-
tion patients in JELIS showed that, in patients 
with baseline triglyceride levels ≥150 mg/dL and 
HDL-C  <  40  mg/dL, combination therapy with 
statin plus EPA reduced ASCVD risk by 53% 
that was not a primary triglyceride- mediated 
effect [76]. Mechanisms for lowering of TG lev-
els include: reduced hepatic secretion of TG-rich 
lipoproteins, reduced expression of SREBP (sterol 
regulatory element binding protein)-1c, reduced-
hepatic synthesis of very low-density lipoprotein 
cholesterol (VLDL-C), inhibition of esterifica-
tion of other fatty acids, inhibition of phospha-
tidic acid phosphatase, and increased β-oxidation 
in the liver [20, 77]. While omega-3 PUFAs 
constitute only 30–50% of many fish oil supple-
ments, prescription preparations of omega-3 
ethyl esters, and icosapent ethyl (IPE), a purified 
ethyl ester of EPA, are 85% and ≥96% omega-3 

PUFAs, respectively [78, 79]. The Reduction of 
Cardiovascular Events With EPA – Intervention 
Trial (REDUCE-IT) trial was a multicenter, 
double- blind RCT in patients with ASCVD 
or with T2DM and other risk factors. The trial 
demonstrated that in statin-treated patients with 
fasting TGs between 135–499 mg/dL high-dose 
IPE, a highly purified and stable EPA, 2 g twice 
daily significantly reduced the risk of ischemic 
events including cardiovascular death by approx-
imately 25% over a median follow-up period 
of 4.9  years [80]. The importance of lowering 
TGs was further demonstrated in a multivariable 
meta- regression model that found the relative 
risk reduction (RRR) of major vascular events 
was 0.84 (95% CI 0.75–0.94) per 1-mmol/L 
reduction in TGs [81]. Of note, these findings 
were markedly attenuated by the REDUCE-IT 
trial and with REDUCE-IT excluded, the RRR 
was 0.91 (95% CI 0.81–1.006) per 1-mmol/L 
reduction in TGs [81]. The US Food and Drug 
Administration (FDA) recently approved IPE to 
reduce ASCVD risk in patients with ASCVD or 
T2DM and two or more ASCVD risk factors in 
association with TG levels ≥150 mg/dL [82]. A 
2018 review found that, while marine omega-3 
PUFAs supplementation reduces TG levels, there 
was no evidence ALA, EPA, and DHA reduce 
heart disease, stroke, or death [83]. The 2019 
Vitamin D and Omega-3 Trial (VITAL) found that 
supplementation with n-3 PUFAs did not lower 
the incidence of the primary end points of major 
cardiovascular events (a composite of MI, stroke, 
or death from cardiovascular cause) compared 
to placebo [84]. Additionally, the STRENGTH 
(Outcomes Study to Assess Statin Residual Risk 
Reduction With Epanova in High Cardiovascular 
Risk Patients With Hypertriglyceridemia) trial 
(NCT02104817) examining omega-3 carbox-
ylic acids was discontinued January 2020 due to 
its low likelihood of demonstrating a benefit in 
patients with mixed dyslipidemia and elevated 
ASCVD risk [85]. Emerging evidence suggests 
that higher EPA blood levels, not DHA, strongly 
correlate with lower rates of cardiovascular events 
perhaps due slowing the progression of coro-
nary plaques [86]. The 2019 European Society 
of Cardiology (ESC)/European Atherosclerosis 
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Society EAS) Guidelines now recommend that 
in high-risk patients with TG levels between 135 
and 499 mg/dL despite statin treatment, omega-3 
PUFAs should be considered in combination 
with a statin [19]. There are validated concerns 
about toxin accumulation in seafood includ-
ing polychlorinated biphenyls (PCBs), dioxins, 
heavy metals, and even microplastics. Further, 
the environmental impact of large-scale fish con-
sumptions is considerable. In contrast to marine 
omega-3 PUFAs, plant-based omega-3 sources 
that are generally derived from α-linolenic acid 
(ALA) (e.g., flaxseed, soybeans, and walnuts) 
have no measurable effect on TG lowering and 
conversion rates to EPA/DHA are minimal [20]. 
Nonetheless, nuts that contain the polyphenol, 
proanthocyanidin (e.g., hazelnuts and walnuts) 
may reduce TG via inhibition of pancreatic lipase 
[87, 88]. Foods highest in proanthocyanidin con-
tent (mg/100 g) are ground cinnamon, unsweet-
ened chocolate, chokeberries, red kidney beans, 
grape juice, hazelnuts, pecans, cranberries, blue-
berries, plums, and pistachios [89].

 Other Dietary Supplements

In addition to losing weight, exercising, adopting 
a Mediterranean diet, and consuming omega-3 
PUFAs, other dietary supplements are avail-
able to lower TG levels. Meta-analysis suggests 
glucomannan, nuts, cocoa products, cinnamon, 
curcumin, berberine, and spirulina also possess 
TG-lowering effects.

 Fiber

Soluble fibers have been demonstrated to reduce 
both total cholesterol (TC) and LDL-C; how-
ever, TGs are not generally influenced by soluble 
fibers [90, 91] except, perhaps in patients with 
T2DM where fiber decreased TG levels [92]. 
Glucomannan, a soluble fiber that is a polysac-
charide constituted by glucose and mannose, was 
demonstrated in a meta-analysis of RCTs to sig-
nificantly reduce TGs by approximately 16 mg/
dL compared to placebo [93]. Overall, additional 

randomized controlled trials are needed to eluci-
date the role of fiber on TG levels [94].

 Nuts

Intake of nuts is associated with decreased risk 
of fatal and non-fatal ASCVD, MI, and sudden 
death [95]. The mechanisms in which nuts protect 
against ASCVD include the improvement in lipid 
and apolipoprotein profile, reduction in oxida-
tive stress and inflammation, and improvement in 
endothelial function [95]. Tree nuts consumed in 
moderation (1-oz serving/day) have been found 
to lower TG levels in non-randomized trials with 
a mean reduction of 2.2 mg/dL per serving [96]. 
A meta-analysis of RCTs found that almonds 
significantly reduced TG levels [97]. Another 
meta-analysis of RCTs found a diet rich in wal-
nuts significantly reduced TG levels compared to 
control diets [98].

 Cocoa Products

Cocoa products, which are a rich source of fla-
vanols, were demonstrated in a meta-analysis of 
RCTs to significantly lower TGs by a weighted 
mean difference between treatment and placebo 
groups of 0.10 mmol/L or approximately 9 mg/
dL [99]. Flavanol-containing tea, cocoa, and 
apple products have been demonstrated to have 
favorable changes in weight and lipid biomarkers 
including TG levels [100]. An RCT of 46 healthy 
subjects during a 4-week period showed that a 
flavanol-rich cocoa diet significantly lowered TG 
levels and significantly reduced arachidonic acid 
(AA)/EPA ratio in a dose-dependent manner, 
indicating flavonoids may influence the metabo-
lism of PUFAs [101].

 Cinnamon

A meta-analysis of RCTs that evaluated consump-
tion of cinnamon in patients with T2DM found 
significantly reduced TG levels by approximately 
30 mg/dL [102]. Another meta-analysis of RCTs 
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found cinnamon statistically reduced TG levels 
by approximately 24 mg/dL [103]. Mechanisms 
of action to explain the triglyceride- lowering 
effect of cinnamon include pancreatic lipase inhi-
bition (see below), increased glycogen synthesis 
and decreased glycogenolysis, and increased the 
expression of peroxisome proliferator- activated 
receptor (PPAR)-mediated metabolism [104].

 Turmeric

Curcumin is a phenol found in the spice turmeric. 
A meta-analysis of RCTs found that turmeric and 
curcumin significantly reduced TG levels [105]. 
Mechanisms of action to explain the TG-lowering 
effect of curcumin include interactions with 
PPAR, LPL, and cholesteryl ester transfer protein 
(CETP) and effecting genes related to mitochon-
drial fatty acid β-oxidation [106].

 Berberine

Berberine is an alkaloid found in plants that has 
been demonstrated to reduce serum cholesterol 
through reduction of intestinal cholesterol absorp-
tion [107], enhanced cholesterol excretion from the 
liver to the bile [108], upregulation of LDL recep-
tors [109], and inhibition of proprotein convertase 
subtilisin/kexin 9 (PCSK9) [110]. Furthermore, 
berberine has been found to increase fatty oxida-
tion and reduce the expression of lipogenic genes 
[111]. In a meta-analysis of six trials, berberine 
supplementation lowered TG levels by approxi-
mately 35 mg/dL when compared with placebo or 
lifestyle modification [112].

 Red Yeast Rice

Red yeast rice (RYR) is a fermented rice 
product that contains naturally occurring sub-
stances called monacolin K (lovastatin) that 
have 3-hydroxy-3-methyl-glutaryl-coenzyme A 
(HMG CoA) reductase inhibitor activity as well 
as phytochemicals with lipid-lowering actions 
including sterols, isoflavones, monounsatu-

rated fatty acids, and niacin [113]. In an RCT 
of patients with ASCVD, RYR significantly 
decreased recurrent events by 45% [114]. A sys-
tematic review and meta-analysis found RYR 
reduced TG levels by 0.23 mmol/L or approxi-
mately 20.4  mg/dL [115]. A recent systematic 
review and meta-analysis found RYR reduced 
TG levels by 24.69 mg/dL in MI patients [116]. 
These findings suggest RYR may be useful for 
the primary and secondary prevention of heart 
disease. It is important to note that RYR is often 
not standardized in dosing across brands and 
can sometimes be more expensive than generic 
statins.

 Spirulina

Spirulina is a filamentous, blue–green microalga 
(Cyanobacterium) with an unclear mechanism of 
action [117]. In a meta-analysis of seven RCTs, 
spirulina significantly lowered TGs by approxi-
mately 44  mg/dL [118]. Overall, further well- 
designed RCTs are needed to clarify the clinical 
value of spirulina for patients with HTG.

 Conclusion

Lifestyle modification plays a major role in the 
management of HTG and is often the most effec-
tive way to reduce TGs. As shown in Table 14.1, 

Table 14.1 Lifestyle approaches to  triglyceride low-
ering. Reprinted with permission from Circulation. 
2011;123:2292–2333 [20]. ©2011 American Heart 
Association, Inc.

Nutrition practice
Triglyceride- 
lowering

Weight loss (5–10% of body weight) 20%
Implement a Mediterranean-style 
diet vs. a low-fat diet

10–15%

Add marine-derived PUFAs (EPA/
DHA) (per gram)

5–10%

Exercise (brisk 30-min walk 
three-times per week)

5–10%

Decrease carbohydrates (1% energy 
replacement with MUFA/PUFA)

1–2%

Eliminate trans fats (1% energy 
replacement with MUFA/PUFA)

1%
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weight loss, dietary changes, and moderate-
to- high aerobic may reduce TG levels by 50% 
or more when used in combination [19, 20]. 
Worthwhile dietary changes to reduce TG lev-
els include elimination of TFAs, adopting a 
Mediterranean style diet, increasing consumption 
of omega-3 PUFAs, and replacing refined starchy 
foods and simple sugars with fiber-enriched 
whole food products (e.g., fruits, vegetables, 
nuts, and whole grains). Additional TG-lowering 
effects may also be obtained with cocoa prod-
ucts, cinnamon, curcumin, berberine, RYR, and 
spirulina.
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Role of the Microbiome 
in Cardiovascular Disease

Thanat Chaikijurajai, Jennifer Wilcox, 
and W. H. Wilson Tang

 Introduction

Cardiovascular disease (CVD) remains the lead-
ing cause of morbidity and mortality worldwide, 
and especially in developed countries, despite 
the consistent development of novel treatment 
modalities and recommendations leading toward 
the reduction of a global burden of CVD. During 
the past decade, research has focused on discov-
ering new pathways contributing to the develop-
ment and progression of CVD. One of the most 

promising targets for future CVD treatment is 
the role of human gut microbiota in CVD and 
in metabolic disorders, like obesity and insulin 
resistance, that are known CVD risk factors [1]. 
Recent evidence suggests that gut microbiota can 
modulate host physiology and play a crucial role 
in the pathogenesis and natural history of cardio-
metabolic diseases. The ability of gut microbiota 
to filter and metabolize dietary nutrients, and 
then produce metabolites as signaling molecules, 
makes it a major endocrine organ influenced by 
dietary intake, which is itself one of the greatest 
environmental exposures in daily life. Therefore, 
we here discuss the physiology of gut micro-
biota, the alterations in the composition of gut 
microbiota in different cardiometabolic diseases, 
the association between gut microbiota-derived 
metabolites and cardiometabolic diseases, and 
the potential of gut microbiota to be a novel ther-
apeutic target for the future treatment of CVD.

 Physiology of Gut Microbiota

The term “microbiota” is often used to describe 
the complex communities of microbial cells, 
including different species of bacteria, fungi, 
archaea, and virus, living inside the human 
body, whereas the term “microbiome” com-
monly refers to the genome of these microbiota. 
The human gastrointestinal tract is populated by 
trillions of microbial cells, mostly bacteria, as a 
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result of continuous environmental exposure and 
dietary intake starting at birth. The majority of 
gut microbiota colonizes in the colon, which pro-
vides the perfect environment for their metabo-
lism in terms of nutrients and relatively depleted 
oxygen compared to the stomach and small intes-
tine. Based on the available methods to assess the 
composition of gut microbiota, five main phyla 
of bacteria have been identified, Bacteroidetes, 
Firmicutes, Proteobacteria, Verrucomicrobia, 
and Actinobacteria [2]. Of note, in healthy people 
Bacteroidetes and Firmicutes combine for more 
than 90% of the total amount of gut microbiota 
[3]. Even though the composition of gut micro-
biota is relatively stable over time within each 
individual, there is significant variation between 
individuals, indicating that different host genet-
ics and environmental exposures can alter micro-
bial communities within the gastrointestinal tract 
[4], resulting in different metabolic profiles and 
susceptibility to cardiometabolic diseases in each 
person.

Gut microbiota have been shown to be 
involved in the development and homeostasis of 
humans as a symbiotic relationship. Starting at 
birth, environmental exposure to microbial cells 
stimulates both innate and adaptive immune 
responses mainly through the mucosal-associated 
lymphatic tissue. This results in the differentia-
tion and activation of different mature lympho-
cytes and the secretion of immunoglobulin A for 
an effective mucosal protection, as well as pro-
moting an anti-inflammatory response from regu-
latory T cells in order to maintain the physiologic 
inflammatory tone within the intestinal mucosa 
[5]. Interestingly, gut microbiota can also aid the 
human host by suppressing the growth and colo-
nization of some intestinal pathogens through 
competitive exclusion and the production of anti-
microbial compounds. Furthermore, gut micro-
biota also regulate the integrity of the intestinal 
mucosa by maintaining the structure and function 
of tight junctions found in intestinal epithelial 
cells [6].

Gut microbiota are also responsible for the 
synthesis of a variety of substances and metabo-
lites found in the human body. It has been known 
for almost a century that gut microbiota mediate 

the synthesis of a wide range of vitamins, includ-
ing vitamin K and eight different members of 
the vitamin B group. In addition to synthesizing 
essential products for humans, the gut microbiota 
also participates in the metabolism of our dietary 
nutrients and produces several metabolites, such 
as short-chain fatty acids (SCFA), bile acids, 
trimethylamine N-oxide (TMAO), and phenyl-
acetylglutamine (PAGln), that can contribute to 
the pathogenesis of CVD and metabolic diseases.

 Alterations in the Composition 
of Gut Microbiota

The development and progression of cardio-
metabolic diseases have been associated with 
subsequent changes in the gut microbial compo-
sition, resulting in significantly different bacterial 
communities between patients with cardiometa-
bolic diseases and healthy individuals. This shift 
in gut microbiota is referred to as dysbiosis. 
Atherosclerosis, hypertension (HTN), heart fail-
ure (HF), obesity, and type 2 diabetes mellitus 
(T2DM) are all associated with different patterns 
of gut microbial dysbiosis.

 Atherosclerosis

The mechanistic link between altered gut micro-
bial communities and atherosclerosis was first 
suggested by Koren et al. [7] in 2011. They dem-
onstrated that bacterial DNA from gut-associated 
bacteria can be found in atherosclerotic plaques 
and the amount of DNA correlated with the plaque 
size, which may contribute to plaque instability 
and rupture. Subsequent case–control studies 
revealed several patterns of an altered gut micro-
biome in patients with atherosclerosis. Karlsson 
et al. [8] analyzed stool samples from 12 patients 
with symptomatic carotid artery disease under-
going carotid endarterectomy compared with 
13 healthy controls using whole metagenomic 
shotgun sequencing. They revealed that patients 
with carotid artery disease had a higher propor-
tion of the genus Collinsella and a lower propor-
tion of Roseburia and Eubacterium. Yin et  al. 
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[9] showed that 141 patients with cerebrovas-
cular disease, either stroke or transient ischemic 
attack, had an increase in the relative abundance 
of pathogenic bacteria, such as Enterobacter, 
Proteobacteria, Megasphera, Oscillibacter, and 
Desulfovibrio, and a decrease in beneficial and 
commensal genera like Bacteroides, Prevotella, 
and Faecalibacterium. Importantly, the extent of 
the observed dysbiosis was correlated with stroke 
severity.

In studies of patients with coronary artery 
disease (CAD), some common patterns of 
changes in the gut microbial composition have 
been described across different cohorts of CAD 
patients. An increased ratio of Firmicutes to 
Bacteroidetes [10, 11] and a lower abundance 
of the SCFA (butyrate)-producing bacteria 
Roseburia and Faecalibacterium [12, 13] were 
observed in patients with CAD undergoing coro-
nary angiography. Normally, butyrate serves as 
an energy source for epithelial cells in the intes-
tinal mucosa and suppresses the inflammatory 
response within the intestinal mucosa by stimu-
lating colonic regulatory T cells [14], resulting 
in an intact gut mucosal barrier that prevents 
the escape of gut microbiota and their endotox-
ins, such as lipopolysaccharide (LPS), from the 
gut lumen. Leakage of gut microbiota and LPS 
stimulates the innate immune response, lead-
ing to inflammation and atherosclerosis [6, 15]. 
However, all of these findings still need to be 
confirmed in larger cohorts of patients with dif-
ferent stages and phenotypes of atherosclerosis.

 Hypertension

HTN is a major risk factor for the development 
of a variety forms of CVD.  Some studies have 
suggested a possible role of gut microbiota in 
regulating blood pressure and the contribution of 
gut microbiota dysbiosis in the development of 
HTN. Similar to what was seen in atherosclerosis, 
Yang et al. [16] observed an increased Firmicutes/
Bacteroidetes ratio and a decreased relative 
amount of SCFA-producing bacteria in animal 
models of HTN and some hypertensive patients. 
Another study of the alteration of the gut micro-

bial composition and HTN also revealed that 
decreased SCFA-producing bacteria was associ-
ated with HTN accompanied by an increase in 
the abundance of Prevotella and Klebsiella [17]. 
Similarly, depletion of a SCFA-producing genus, 
Odoribacter, was found to be associated with 
higher blood pressure in obese pregnant women 
[18]. Interestingly , high sodium intake, which 
can cause elevated blood pressure [19], decreases 
the abundance of Lactobacillus murinus in mice 
and shortens the survival of Lactobacillus spp. in 
humans [20]. Furthermore, supplementation of 
Lactobacillus murinus in mice was shown to pre-
vent the development of salt-sensitive HTN [20].

Despite the evidence suggesting the associa-
tion between the alteration of gut microbial com-
position and HTN, most of the results are from 
animal models or in relatively small cohorts of 
hypertensive patients. Future research is needed 
to verify these findings in larger cohorts of 
patients with HTN.

 Heart Failure

The association between HF and intestinal muco-
sal dysfunction with gut microbial dysbiosis, 
known as the gut hypothesis of HF, has been 
widely described. It is believed that decreased 
cardiac output and systemic venous congestion 
cause edema and ischemic injury in the intestinal 
mucosa, resulting in increased intestinal perme-
ability, overgrowth and translocation of some 
pathogenic strains of gut microbiota, increased 
blood levels of their endotoxins and metabo-
lites, and subsequent promotion of inflammation 
throughout the natural course of HF, ultimately 
creating a deleterious cycle of accelerated wors-
ening HF [6, 21].

Changes in the composition of gut micro-
biota in patients with HF have been demon-
strated recently in different cohorts of HF 
patients [6]. Mamic et al. [22] revealed that the 
higher incidence of Clostridium difficile infec-
tion (CDI) was independently associated with 
HF even after adjusting for known risk factors 
of CDI.  This finding led to the hypothesis that 
HF patients may have a relative depletion of gut 
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microbiota, which is a widely known risk fac-
tor for CDI.  Subsequent studies corroborated 
this hypothesis by demonstrating that patients 
with HF had significantly decreased diversity 
of gut microbiota including SCFA producers as 
assessed by 16S rRNA sequencing [23–26]. In 
addition, an increase in some pathogenic bacte-
ria, such as Campylobacter, Shigella, Salmonella, 
and Yersinia enterocolitica, was also found to be 
associated with HF [27]. Nevertheless, there are 
discrepancies in the specific characteristic gen-
era of gut microbiota in HF patients, suggesting 
significant interindividual variations. Cui et  al. 
[24] found that HF patients had elevated levels 
of Ruminococcus gnavus, whereas Kummen 
et  al. [26] found an increase in the abundance 
of Prevotella, Hungatella, and Succinclasticum. 
Recent findings from Mayerhofer et al. [28] sug-
gest that HF patients have a lower Firmicutes to 
Bacteroidetes ratio compared with healthy con-
trols. Therefore, future research needs to focus on 
finding and validating specific microbes that have 
causal relationships with HF and adverse clinical 
outcomes.

 Obesity and Insulin Resistance

Obesity is one of the most common traditional 
risk factors for CVD and insulin resistance, which 
can lead to the development of T2DM. Although 
genetic susceptibility, increased caloric intake, 
and energy-balance dysregulation are important 
contributors to obesity, alteration in the compo-
sition of gut microbiota has also been shown to 
be associated with obesity. The same elevated 
ratio of Firmicutes to Bacteroidetes found in ath-
erosclerosis and HTN, it is also associated with 
obesity [29–31]. Interestingly, Ley et  al. [29] 
demonstrated that weight reduction and low-cal-
orie diets decreased the Firmicutes/Bacteroidetes 
ratio in mice.

There is increasing evidence suggesting that 
insulin resistance and T2DM are affected by 
altered gut microbial composition [1, 15]. Zeevi 
et  al. [32] suggested that gut microbiota might 
play an important role in postprandial glyce-
mic control. In patients with insulin resistance, 

elevated serum levels of branched chain amino 
acids were seen as well as an increased propor-
tion of Prevotella corpi and Bacteroides vulgaris 
[33]. Meanwhile, other studies have observed 
different patterns of alteration in gut microbial 
composition in patients with T2DM. For exam-
ple, in a metagenomic study a decreased abun-
dance of butyrate-producing genera, especially 
Faecalibacterium prausnitzii and Roseburia 
intestinalis, was associated with T2DM whereas 
a higher abundance of some bacteria, such as 
Akkermansia muciniphila, Clostridium species, 
and Escherichia coli, were found in patients with 
T2DM [34].

 Gut Microbiota-Derived 
Metabolites and CVD

There are several metabolites from gut microbial 
fermentation of dietary intake that affect human 
physiology and metabolism, and alter suscepti-
bility to cardiometabolic diseases (Fig.  15.1). 
Some metabolites can be absorbed directly into 
the systemic circulation, while others need to 
be chemically modified by host enzymes before 
becoming active substances that can accumu-
late or communicate with target organs, mean-
ing that gut microbial metabolites serve as both 
hormones and prohormones. Measuring gut 
microbiota- derived metabolites is a promising 
approach to gain insights into metabolic function 
of microbial communities that can be associated 
with many forms of CVD and metabolic distur-
bances in human.

 Short-Chain Fatty Acids

SCFAs, such as acetate, propionate, and butyr-
ate, are products from the fermentation of 
undigested dietary nutrients, including fiber, 
resistant starch, and complex carbohydrates. As 
mentioned earlier, SCFAs, especially butyrate, 
serve as protectors of, and an energy source for, 
intestinal mucosa. SCFAs also modulate proper 
immune response and capacity of postinfarction 
cardiac repair [35]. And, at the same time, they 
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are also actively and passively absorbed into 
the bloodstream via enterohepatic circulation, 
and subsequently act as signaling molecules by 
binding to specific G-protein-coupled receptors. 
For example, by binding to olfactory receptor 
78 (Olfr78) and G-protein receptor 41 (GRP41), 
SCFAs can impact blood pressure regulation. 
Olfr78 is expressed in the renal juxtaglomeru-
lar apparatus and in vascular smooth muscle 
cells, and its activation, mainly by acetate and 
propionate, results in increased blood pressure 
by stimulating renin secretion and increasing 
vascular tone [36]. In contrast, GRP41 is only 
found in vascular endothelium and, following 
activation by acetate or propionate, negatively 
affects vascular tone, causing lower blood pres-
sure [37]. Therefore, an alteration in the relative 
amount of SCFA- producing microbes may lead 
to imbalanced signaling of these two pathways, 
resulting in impaired blood pressure regulation 
and HTN.

Additional evidence for the importance of 
SCFAs in modulating blood pressure comes from 
an observational study on more than 4600 people 

where an increase in the abundance of SCFA- 
producing microbes was shown to be associ-
ated with lower blood pressure [38]. Moreover, 
additional studies have demonstrated the poten-
tial therapeutic effect of SCFA supplements on 
blood pressure reduction [39, 40]. Recently, 
Marques et  al. [41] developed a hypertensive 
animal model and demonstrated that a high-fiber 
diet and acetate supplementation significantly 
decreased blood pressure and attenuated cardiac 
hypertrophy and fibrosis. Interestingly, acetate 
was also shown to reduce renal fibrosis.

However, dysregulation and overproduction of 
SCFAs may also lead to metabolic disturbances. 
Higher fecal SCFA levels have been associated 
with altered gut microbial composition, intes-
tinal mucosal permeability, HTN, obesity, and 
dyslipidemia [42, 43]. However, Senna et al. [44] 
revealed that increased gut microbial production 
of butyrate was associated with improved insulin 
sensitivity, whereas higher propionate produc-
tion resulted in insulin resistance, thus showing 
the importance of the balance of specific SCFAs 
in the ultimate response. Another study also cor-
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Fig. 15.1 Associations between each gut microbiota- 
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roborated the finding that dysregulation of pro-
pionate production by gut microbiota may lead 
to insulin resistance and T2DM [45]. Hence, it 
is conceivable that finding the optimal level of 
each SCFA and elucidating the mechanistic links 
between individual SCFAs and cardiometabolic 
diseases could be key to developing dietary inter-
ventions targeting SCFAs.

 Bile Acids

Bile acids are synthesized in the liver from cho-
lesterol and act as emulsifiers that facilitate the 
digestion and absorption of dietary fats and fat- 
soluble vitamins. Primary bile acids are secreted 
from the liver into the small intestine to emulsify 
fat-soluble substances before being reabsorbed 
via enterohepatic circulation, with less than 10% 
left in the intestinal lumen. Unabsorbed primary 
bile acids are metabolized by gut microbiota in 
the colon by bile salt hydrolase enzymes, result-
ing in numerous secondary bile acids, which are 
less toxic to gut microbial communities. Similar 
to primary bile acids, secondary bile acids are 
also reabsorbed into the bloodstream through 
enterohepatic circulation.

In addition to the role of bile acids as emul-
sifiers in the intestinal lumen, both primary and 
secondary bile acids also serve as signaling 
molecules affecting different target organs with 
specific receptors, such as farnesoid X receptor 
(FXR), G-protein coupled bile acid receptor 1 
(TGR5), and sphingosine 1-phosphate receptors 
[46, 47], as shown in Fig. 15.2.

FXR is the most widely known physiologic 
bile acid receptor. It regulates carbohydrate 
and lipid metabolism and bile acid synthesis by 
inhibiting hepatic cholesterol 7α-hydroxylase 
indirectly through fibroblast growth factor 15 as 
a negative feedback control. FXR has been linked 
to both atherosclerosis and HF.  FXR activation 
is able to attenuate the inflammatory response 
through suppression of nuclear factor-κB (NF- 
κB), which subsequently stabilizes and prevents 
the progression of atherosclerotic lesions [48, 
49]. The link between FXR and HF is more con-
troversial. Since NF-κB mediates cardiac hyper-
trophy and remodeling [50], one would expect 
the activation of FXR to exhibit protective effects 
against the development of HF following car-
diomyocyte injury. However, there is evidence 
suggesting that FXR activation actually impairs 
myocardial structure and function. For example, 
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Fig. 15.2 Bile acids pathway and cardiometabolic effects 
mediated through FXR and TGR5 signaling. Primary bile 
acids are synthesized and released by the liver into the 
intestinal lumen, where they can be either reabsorbed or 
converted into secondary bile acids by gut microbiota. 

Secondary bile acids can act as signaling molecules on 
farsenoid X receptor (FXR) and G-protein coupled bile 
acid receptor 1 (TGR5), resulting in different cardiometa-
bolic effects. GLP-1 Glucagon-like peptide-1, NF-κB 
Nuclear factor-κB
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Pu et al. [51] revealed that FXR activation pro-
moted myocardial apoptosis through disruption 
of mitochondria. Therefore, the role of bile acids 
and FXR in the pathogenesis of HF still needs to 
be addressed by further investigation.

Despite the unclear mechanism for the effects 
of bile acids on cardiomyocytes, there is strong 
evidence showing the association between bile 
acids and HF. In a case–control study on 142 HF 
patients and 20 sex-matched healthy individuals, 
reduced levels of primary bile acids were found 
in HF patients while the total level of secondary 
bile acids did not significantly differ between 
cohorts [52]. Interestingly, Von Haehling et  al. 
[53] conducted a double-blind, randomized, 
placebo- controlled trial investigating the effects 
of 4-week supplementation with ursodeoxy-
cholic acid (UDCA) , a secondary bile acid, on 
endothelial function in patients with chronic HF 
and demonstrated that UDCA administration was 
associated with improved peripheral blood flow. 
These results raise the possibility that bile acids 
supplementation or modification may be interest-
ing therapeutic approach for HF.

Bile acids have also been implicated in the 
development of obesity. In obese patients, ele-
vated fasting serum bile acid levels were asso-
ciated with increased body mass index (BMI) 
[54], which may be attributed by increased bile 
acid synthesis and impaired bile salt transport. 
However, studies in animal models showed con-
flicting results on the role of FXR in obesity. Li 
et  al. [55] demonstrated that inhibition of FXR 
signaling in mice fed with high-fat diet results 
in decreased diet-induced obesity, whereas Fang 
et  al. [56] found that activation of FXR signal-
ing was associated with decreased obesity. 
Therefore, it is necessary for future research to 
investigate the physiologic effects of bile acids on 
 metabolism and obesity, as they have the poten-
tial to become a therapeutic target in the future.

The effects of bile acids on glucose homeo-
stasis have been described in a variety of stud-
ies demonstrating the roles of both FXR and 
TGR5 signaling in regulating glucagon-like 
peptide-1 (GLP-1) secretion and stimulating 
insulin secretion [57, 58]. Interestingly, ele-
vated serum bile acid levels have consistently 

been shown to be associated with T2DM [55, 
59–61] and positively correlated with insulin 
resistance in humans [55, 61, 62]. Furthermore , 
treatment with bile acid sequestrants was shown 
to improve glycemic control in patients with 
T2DM by attenuating FXR signaling, resulting 
in increased GLP-1 [63].

Thus, there is a complex relationship between 
bile acids and human physiology, including 
metabolism and disease susceptibilities, that 
represents another aspect of the impact of gut 
microbiota on human health and cardiometabolic 
diseases. Targeting bile acids could be a promis-
ing therapeutic approach for a variety of CVD, 
such as atherosclerosis, HF, obesity, and T2DM.

 Trimethylamine N-oxide (TMAO)

TMAO has been increasingly recognized as one 
of the most interesting gut microbiota-derived 
metabolites and reflects the complex interac-
tions between diet, gut microbiota, and cardio-
metabolic diseases (Fig. 15.3) [1, 15]. TMAO is a 
gut microbiota-dependent metabolite of specific 
dietary nutrients, especially choline, L-carnitine, 
and phosphatidylcholine, found in dairy prod-
ucts, eggs, red meat, some shellfish, and finfish. 
Interestingly, deep sea fish contain a significantly 
higher amount of TMAO than fish living in shal-
low water, supporting a hypothesis that TMAO 
is used in fish for freeze tolerance and different 
water temperatures at different times of year may 
affect the TMAO levels in fish [1]. Some spe-
cific gut microbiota strains, such as Firmicutes, 
Proteobacteria [64] and Emergencia timonensis 
[65], produce trimethylamine (TMA) from cho-
line and phosphatidylcholine as a waste product 
by the enzyme TMA lyase, whereas L-carnitine 
needs to be converted into γ-butyrobetaine before 
being metabolized into TMA by TMA lyase [66]. 
Notably, the capability of TMA production can 
be transmitted between humans through fecal 
microbiota transplantation (FMT) [67]. TMA is 
absorbed into systemic circulation before being 
oxidized and converted into TMAO by hepatic 
flavin monooxygenases (FMO) , especially the 
FMO3 isoform [68]. TMAO has been shown to 
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promote atherosclerosis by inhibiting reverse 
cholesterol transport [69], enhancing macro-
phage foam cell formation [70], platelet aggre-
gation [71, 72], endothelial dysfunction [73], 
vascular inflammation [74], the inflammatory 
response within atherosclerotic plaques [75], and 
plaque vulnerability [76]. In addition, TMAO 
can cause renal fibrosis and dysfunction, leading 
to decreased TMAO clearance, increased serum 
TMAO levels, and further worsening of kidney 
function in a vicious cycle [77].

The association between TMAO and athero-
sclerotic CVD was discovered by Wang et al. [70] 
in 2011 using untargeted metabolomics analysis 
in a cohort of more than 1800 subjects where they 
showed that TMAO levels were able to predict 
subsequent major adverse cardiovascular events 
(MACE), including death, myocardial infarction, 
and stroke. Another study on approximately 4000 
patients undergoing elective coronary angiogra-
phy revealed that elevated plasma TMAO levels 
were associated with increased risk of MACE 
during a 3-year follow-up period [78]. TMAO 
was also shown to be independently associated 
with atherosclerotic burden within coronary arter-
ies as assessed by the number of coronary arter-
ies with significant obstruction and SYNTAX 
(Synergy between PCI with Taxus and Cardiac 
Surgery) score in patients with stable CAD [79] 
and acute myocardial infarction [80]. Moreover, 
there is evidence suggesting that TMAO is asso-
ciated with plaque vulnerability and risk of 
plaque rupture, which can lead to acute coro-

nary syndrome and myocardial infarction [81, 
82]. The prognostic implications of TMAO for 
MACE have recently been validated by several 
meta-analyses [83–85], and persistently elevated 
TMAO levels over 10 years are associated with a 
high risk of developing CAD in healthy individu-
als [86]. These findings suggest that baseline and 
serial TMAO measurement can be used as risk 
predictors for atherosclerotic CVD in addition to 
traditional cardiovascular risk models.

Some evidence suggests that TMAO may 
also be associated with the development and 
progression of HTN.  In animal models, TMAO 
was found to prolong the hypertensive effect of 
angiotensin- II [87], high salt intake was associ-
ated with increased plasma TMAO levels [88], 
and high blood pressure was associated with 
intestinal permeability to TMA [89]. And while 
the mechanistic links between TMAO and HTN 
in humans remain unclear, a recent meta-analysis 
of clinical studies revealed that elevated TMAO 
was associated with increased prevalence of 
HTN in a dose-dependent manner [90]. Thus, 
it is conceivable that TMAO may contribute to 
high blood pressure, and the pathogenic role of 
TMAO in HTN needs to be elucidated.

TMAO has also been shown to play a role 
in the pathogenesis of HF.  In animal models, 
TMAO has been associated with adverse car-
diac remodeling [91, 92], increased myocardial 
inflammation [92], impaired energy metabolism 
[93], calcium regulation, and mitochondrial dys-
function within myocytes [94], while attenua-
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Fig. 15.3 TMA/TMAO pathway and mechanistic links 
to cardiometabolic diseases. Dietary choline, phosphati-
dylcholine, and L-carnitine are converted into trimethyl-
amine (TMA) by microbial TMA lyase. TMA is then 

absorbed into systemic circulation and metabolized in the 
liver by flavin monooxygenase 3 (FMO3), resulting in the 
formation of trimethylamine N-oxide (TMAO), which 
increases host susceptibility to cardiometabolic diseases
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tion of TMAO production prevents myocardial 
dysfunction and fibrosis [95]. In addition to the 
accumulating evidence on the mechanistic links 
between TMAO and HF, many clinical studies 
have demonstrated the diagnostic and prognostic 
implications of TMAO in patients with chronic 
and acute HF. Tang et  al. [96] studied a cohort 
of 720 patients with HF with reduced ejection 
fraction (HFrEF) and found that serum TMAO 
levels were significantly higher in patients with 
HFrEF compared to healthy controls and ele-
vated TMAO was associated with a more than 
three-fold increase in 5-year mortality risk. The 
prognostic value of TMAO in patients with 
chronic HF was also shown in a number of sub-
sequent studies [97–102]. Notably, in patients 
with chronic systolic HF, increased TMAO is 
associated with higher plasma N-terminal pro-
B-type natriuretic peptide, diastolic dysfunction 
[97], and HF severity [98] that cannot be reduced 
by guideline- directed medical therapy for 
HFrEF. Furthermore, TMAO was also shown to 
be associated with mortality and HF rehospital-
ization in patients with acute HF [103]. However, 
conflicting results on the prognostic value of 
TMAO were observed in patients with HF with 
preserved ejection fraction (HFpEF) [99, 104] 
and further investigation on the prognostic util-
ity of TMAO in the setting of HFpEF is needed. 
Therefore, beyond neurohormonal activation in 
HFrEF, TMAO may serve as another important 
residual risk factor for the development and pro-
gression of HF, and might be useful as a novel 
therapeutic target for HF.

Recently, TMAO was also linked to obesity in 
a study demonstrating that FMO3 deletion pro-
tected mice against high-fat-diet-induced obesity, 
while elevated TMAO was associated with adi-
pose tissue dysfunction [105]. However, human 
studies report conflicting results. Several studies 
suggest that elevated TMAO is associated with 
increased BMI [106–109], including a recent 
meta-analysis [110], while other studies did not 
observe a significant correlation between BMI 
and TMAO [111, 112]. Interestingly, despite the 
discrepancies on the correlation between TMAO 
and BMI, hypocaloric diet and exercise are able 
to reduce plasma TMAO levels in obese patients 

[113]. Therefore, future investigations are nec-
essary to verify the association between TMAO 
and obesity and clarify the mechanisms by which 
TMAO contributes to the development of obesity.

Meanwhile, the role of TMAO in insulin resis-
tance and T2DM has been demonstrated in a vari-
ety of both animal and clinical studies. Gao et al. 
[114] revealed that dietary TMAO was associated 
with impaired glucose tolerance, increased fast-
ing insulin levels, and insulin resistance in mice 
fed with high-fat diet. Interestingly, a study from 
Miao et al. [115] on the role of FMO3 in glucose 
homeostasis revealed that FMO3 was increased 
in mice and humans with insulin resistance, 
while knocking down FMO3 in insulin-resistant 
mice could prevent hyperglycemia. Results from 
clinical studies, including a recent meta-analysis 
[116], have consistently revealed that elevated 
serum TMAO levels are associated with T2DM 
in different cohorts of patients [109, 117, 118]. 
Of note, TMAO was also shown to be indepen-
dently associated with 3-year MACE and 5-year 
mortality in patients with T2DM after adjust-
ing for traditional risk factors, history of CVD, 
inflammation, renal function, and glycemic con-
trol [118].

Nonetheless, findings from a relatively fewer 
number of studies contradict the above-described 
roles of TMAO in CVD.  For instance, Collin 
et  al. [119] showed that mice fed a high-dose 
of L-carnitine had significantly higher TMAO 
levels but lower atherosclerotic lesion size com-
pared to controls, suggesting that TMAO might 
be a protective factor against atherosclerosis. 
These findings, however, need to be interpreted 
cautiously, since TMAO levels in the treatment 
group were much lower than values reported in 
other studies and the inverse correlation between 
TMAO and atherosclerotic plaque size was mod-
est. Additionally, TMAO was found to be sig-
nificantly lower in 322 patients with stroke or 
transient ischemic attack compared to 141 asymp-
tomatic controls [9]. Of note, the range of TMAO 
levels in both groups was much lower than those 
reported in previous studies [78]. Lastly, Huc 
et al. [120] showed that TMAO supplementation 
was associated with attenuated diastolic dysfunc-
tion and myocardial fibrosis in a mouse model, 
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which supports the hypothesis that TMA might 
be more responsible for adverse hemodynamic 
effects than TMAO.

Taken together, the TMA/TMAO pathway, 
which has been widely investigated over the 
past decade, provides substantial insights into 
the complex interactions between dietary expo-
sure and the development of cardiometabolic 
diseases. There is lots of evidence suggesting 
that TMAO has potential to become the gut 
microbiota- derived biomarker of choice for risk 
stratification, and a promising therapeutic target 
in patients with cardiometabolic diseases, espe-
cially atherosclerosis and HF.

 Phenylacetylglutamine (PAGln)

Recently, Nemet et  al. [121] discovered PAGln 
as a novel gut microbiota-derived metabolite that 
can contribute to the development and progres-
sion of atherosclerotic CVD.  Gut microbiota 
convert phenylalanine from dietary protein into 
phenylacetic acid, which is then absorbed into 
the bloodstream and subsequently conjugated 
with glutamine in the liver, resulting in the for-
mation of PAGln [121]. PAGln was shown to 
promote atherosclerosis by activating platelet 
adrenergic receptors, which caused increased 
platelet responsiveness and thrombotic risk 
[121]. Interestingly, Nemet and colleagues also 
demonstrated that after adjusting for traditional 
risk factors of CVD, PAGln was independently 
associated with the probability of 3-year MACE 
in a cohort of 4000 individuals undergoing elec-
tive coronary angiography [121]. These findings 
shed light on the possibility that there are still 
other, as yet unknown, gut microbiota-derived 
metabolites that play a role in the pathogenesis of 
cardiometabolic diseases.

 Gut Microbiota as a Novel 
Therapeutic Target for CVD

Given the relationship between gut microbiota 
and susceptibility for cardiometabolic diseases, 
there have been efforts to target gut microbiota 

structure and function to reduce morbidity and 
mortality in patients with CVD, including using 
probiotics, prebiotics, FMT, dietary modifica-
tions and interventions, traditional Chinese medi-
cine (TCM), and pharmacologic interventions.

 Probiotics and Prebiotics

Probiotics are live microorganisms that, when 
administered in adequate amounts, provide health 
benefits by creating and maintaining an appropri-
ate balance of gut microbiota. There have been a 
variety of preclinical studies that demonstrate the 
benefits of probiotics on CVD and metabolism. 
For example, Lam et al. [122] showed that admin-
istration of Lactobacillus plantarum 299v in rats 
24 h before coronary artery ligation resulted in 
decreased infarct sizes and greater recovery of LV 
function. Similarly, Gan et al. [123] studied rats 
undergoing coronary artery occlusion and showed 
that treatment with Lactobacillus rhamnosus 
GR-1 during the occlusion period was associated 
with attenuated LV hypertrophy and improved 
LV function. Subsequent studies on animal mod-
els also revealed that probiotic supplementation 
was associated with reduced atherosclerotic bur-
den [124, 125], changes in fecal levels of some 
SCFAs [126], and decreased serum TMAO levels 
[127, 128]. In addition, results from human stud-
ies showed that probiotics exhibit cardioprotec-
tive effects and have the ability to improve the 
metabolic profile. Lactobacillis platarum 299v 
was shown to reduce inflammation and improve 
endothelial function in patients with stable CAD 
[129], Matsumoto et al. [130] demonstrated that 
Bifidobacterium animalis subsp. lactis LKM512 
supplementation decreased TMA production 
in healthy individuals, and a pilot study from 
Costanza et  al. [131] revealed that treatment 
with Sacharomyces Boulardii in 20 patients with 
chronic HF for 3 months significantly improved 
LV ejection fraction and reduced serum creatinine 
and inflammatory biomarkers. However, a subse-
quent randomized controlled trial investigating 
the cardioprotective effects of Sacharomyces 
Boulardii in a larger cohort of chronic HF patients 
failed to show significant cardiovascular benefits 
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[132]. Furthermore, there have been other clini-
cal studies suggesting that probiotic supplemen-
tation cannot alter TMAO levels [133–135]. 
Nonetheless, while there is limited evidence for 
probiotics having a direct therapeutic effect on 
atherosclerosis and HF, they may reduce car-
diovascular risk indirectly through their dem-
onstrated ability to prevent obesity and improve 
lipid profiles and insulin sensitivity [136–139].

Prebiotics , such as insulin, lactulose, fructo-, 
transgalacto- and galacto-oligosaccharides, are 
indigestible dietary substances that can be fer-
mented by gut microbiota and subsequently alter 
gut microbial composition and function [140]. 
Treatment with prebiotics has been associated 
with improved diversity and metabolic function 
of gut microbiota [141], blood pressure reduc-
tion [142], weight loss [143], decreased fat mass 
[144], and improved glycemic control [143, 145, 
146], but no changes in TMAO [147] or cardiac 
remodeling have been observed [148]. Moreover, 
results from animal models have expanded the 
potential benefits of prebiotics in cardiometa-
bolic diseases. Everard et al. [149] demonstrated 
that prebiotics were associated with reduced 
gut permeability , inflammation, and metabolic 
endotoxemia. Another study from Catry et  al. 
[150] showed that supplementation with prebi-
otics resulted in attenuated endothelial dysfunc-
tion via several mechanisms, such as activation 
of the nitric oxide (NO) synthase/NO pathway, 
increased NO-producing microbes, and reduced 
secondary bile acid synthesis. However, inter-
individual variation, especially differences in the 
composition and function of gut microbiota, is an 
important factor that may contribute to variable 
responses to prebiotics and needs to be taken into 
account when examining their potential thera-
peutic effects.

 Fecal Microbiota Transplantation

FMT has been the most definitive therapeutic 
intervention for modifying the composition of gut 
microbiota by using fecal contents from healthy 
individuals to replace pathogenic microbes in the 
gastrointestinal tract of diseased patients. FMT 

has been used successfully as a treatment for 
both recurrent CDI and inflammatory bowel dis-
ease. There is also some evidence suggesting the 
potential benefits of FMT on cardiometabolic dis-
eases. Vrieze et al. [151] and Kootte et al. [152] 
both demonstrated that FMT from lean donors 
could improve insulin sensitivity in patients with 
metabolic syndrome, but conflicting results on 
changes in the abundance of Roseburia from 
both studies were also reported. A recent study 
showed that FMT from vegan donors was able to 
shift gut microbial composition of patients with 
metabolic syndrome toward a vegan profile com-
pared with autologous FMT [153]. Interestingly, 
there was no significant change in TMAO levels 
in both groups [153]. Even though FMT has the 
potential to be a therapeutic approach for CVD, 
there are associated risks that need to be care-
fully considered, such as gastrointestinal com-
plications and possible transmitted infections. 
Therefore, the use of FMT is still limited and fur-
ther investigation is needed on both the benefits 
and risks of FMT.

 Dietary Modifications 
and Intervention

 Dietary Habits and Circadian Rhythms
Recent evidence suggests that not only does the 
content of dietary intake affect gut microbiota, 
but the timing of food consumption and circa-
dian rhythms also have a significant impact on 
the composition and function of gut microbiota, 
which may link the effects of dietary changes and 
misaligned circadian rhythms with the develop-
ment of cardiometabolic diseases. For example, 
disruption of circadian rhythms in mice is asso-
ciated with gut microbial derangement and poor 
postinfarction myocardial repair [154], while 
early preclinical studies have demonstrated that 
the composition and metabolism of gut micro-
biota change over the course of a day and feed-
ing/fasting cycle [155–157]. Zarrinpar et  al. 
[155] showed that Firmicutes and Bacteroidetes 
exhibited diurnal variations, with the abundance 
of Firmicutes peaking during the night, while the 
highest abundance of Bacteroidetes was found 
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during daytime, and that time-restricted feeding 
was significantly associated with specific pat-
terns of gut microbial composition in mice that 
may be protective against obesity and improve 
metabolism. Interestingly, an interventional study 
that disrupted the circadian rhythm in mice by 
reversing the 12-h light/dark cycle for 12 weeks 
showed that in mice fed a high-fat, high-sugar 
diet, cycle disruption was associated with higher 
Firmicutes/Bacteroidetes ratio compared to con-
trols [158]. However, there is limited evidence 
for the same relationships in humans. A clinical 
study from Kaczmarek et al. [159] on 28 healthy 
individuals revealed that the levels of SCFAs and 
the relative abundances of SCFA- producing bac-
teria in fecal samples decreased throughout the 
day. Furthermore, eating frequency, early energy 
consumption, and overnight- fast duration were 
also associated with changes in the composition 
of gut microbiota [159]. Meanwhile, Washburn 
et al. [160] showed that 24-h intermittent fasting 
significantly reduced TMAO levels, which subse-
quently returned to baseline at the end of the non-
fasting day. Additional research needs to focus on 
investigating the interactions between eating hab-
its, circadian rhythms , and gut microbiota.

 Dietary Intervention
Changes in diet can modify the composition and 
metabolism of gut microbiota and, therefore, 
dietary intervention is a promising therapeutic 
approach for CVD [161–163]. This approach is 
considered one of the safest and simplest methods 
to prevent the development of cardiometabolic 
diseases. There are some specific diets and dietary 
components that have been shown to be able to 
influence both the composition of gut microbiota 
and their ability to produce metabolites, which 
may be helpful in reducing the risk of CVD.

Dietary Fiber
Dietary fiber is a general term for indigest-
ible carbohydrate polymers found in foods like 
nuts, fruits, vegetables, legumes, cereals, and 
grains, including isolated and synthetic forms 
that escape digestion and absorption in the small 
intestine. Once fermented by gut microbiota, 
dietary fiber can promote microbial growth and 

increased production of SCFAs and other metab-
olites [164]. Theoretically, prebiotics, discussed 
earlier, can be considered dietary fiber that can 
be selectively metabolized by gut microbiota and 
provide health benefits to the host. This section, 
however, discusses the impact of general dietary 
fiber intervention on the composition and func-
tion of gut microbiota.

Many studies have demonstrated the impact of 
dietary fiber on gut microbiota. In 2007, Duncan 
et al. [165] demonstrated that decreased dietary 
fiber intake for 3 days was associated with reduced 
abundances of the butyrate-producing microbes 
Roseburia spp. and Eubacterium rectale. These 
findings were corroborated by Desai et al. [166], 
who demonstrated that in mice colonized with 
human microbiota, a low-fiber diet promoted the 
growth of intestinal mucus- degrading microbes, 
resulting in dysfunction of the intestinal bar-
rier. Furthermore, real-world data from obser-
vational studies in two different human cohorts 
revealed that a high-fiber diet was associated 
with increased abundance of Prevotella, whereas 
animal protein and fat consumption was shown 
to enrich Bacteroides [167, 168], suggesting the 
long-term effects of different amounts of fiber 
intake on the composition of gut microbiota. 
Interestingly, some randomized controlled trials 
on healthy individuals have revealed the effects 
of general dietary fiber intervention on the com-
position and function of other various microbes, 
such as increased abundances of Bifidobacterium 
spp. [169, 170], Lactobacillus spp. [169–171], 
and Feacalibacterium prausnitzii [172], includ-
ing increased fecal SCFAs, especially butyrate 
[171–173]. However, these trials were conducted 
on a relatively small number of participants, and 
the results need to be validated by future large 
randomized controlled trials.

A high-fiber diet has also been shown to 
provide cardiovascular benefits through modi-
fication of gut microbial composition. Marques 
et  al. [41] demonstrated that mice fed a high-
fiber diet had increased amounts of Bacteroides 
acidifaciens, which has been previously shown 
to prevent obesity and insulin resistance [174]. 
They also showed that a decreased Firmicutes 
to Bacteroidetes ratio, blood pressure, cardiac 
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fibrosis, and hypertrophy were all observed in 
mice fed with the high-fiber diet. Moreover, a 
recent cross-sectional study on cohorts of HF 
patients and healthy controls revealed that low-
fiber intake was associated with a decreased 
abundance of microbes in the Firmicutes phy-
lum [28]. However, these findings need to be 
validated in future prospective studies on CVD 
patients and healthy individuals to elucidate the 
complex interactions between dietary fiber, gut 
microbiota, and CVD risk.

Mediterranean Diet
The Mediterranean diet is inspired by the eating 
habits of countries surrounding the Mediterranean 
sea and consists mainly of olive oil, nuts, fresh 
fruits, vegetables, whole grains, and lower-fat 
or fat-free dairy products. It is also lower in red 
meat and high-fat dairy products than a tradi-
tional western diet. The Mediterranean diet is 
high in fiber and polyunsaturated fatty acids, but 
low in unsaturated fatty acids [175], which may 
explain the cardiovascular benefits associated 
with this diet observed in many different studies 
and meta-analyses [176–180]. For example, in 
a relatively small study on 27 healthy subjects, 
greater adherence to the Mediterranean diet was 
associated with a lower Firmicutes/Bacteroidetes 
ratio [181]. Furthermore, in the PREDIMED 
study, a randomized controlled trial of more than 
7400 participants at high risk for CVD, Estruch 
et al. [162] demonstrated that subjects following 
a Mediterranean diet supplemented with either 
extra-virgin olive oil or nuts had a reduced risk of 
MACE compared to a control group assigned to a 
simple low-fat diet.

Similar to dietary fiber, the Mediterranean diet 
has also been linked to gut microbiota, SCFAs 
[182, 183], and TMAO production [182, 184, 
185]. In 2015, Vazquez-Freson et al. [186] stud-
ied a small cohort of 98 participants enrolled in 
the PREDIMED study, and revealed that subjects 
randomly assigned to Mediterranean diet group 
had significantly lower TMAO than the sub-
jects assigned to the low-fat diet. Subsequently, 
De Filippis et  al. [182] demonstrated that high 
adherence to the Mediterranean diet was asso-
ciated with lower urinary TMAO levels and 
Barrea et  al. [185] found that adherence to the 

Mediterranean diet was inversely correlated 
with plasma TMAO levels. These beneficial 
findings might be explained by the presence of 
3,3-dimethyl-1-butanol (DMB) in extra-virgin 
olive oil, which has been shown to inhibit TMA 
lyase [187]. Nonetheless, several studies have 
observed conflicting results on the impact of the 
Mediterranean diet on the composition and func-
tion of gut microbiota, including an observational 
study [188] and two randomized controlled trials 
[184, 189]. So, although some evidence suggests 
that adherence to a Mediterranean diet could 
be a promising therapeutic approach for lower-
ing TMAO levels, mixed results from clinical 
studies create the need for future interventional 
studies that directly demonstrate the effect of the 
Mediterranean diet on the composition of gut 
microbiota and TMAO production.

Dietary Interventions Targeting TMAO
In addition to studies on probiotics, prebiotics, 
and the Mediterranean diet, TMAO has, itself, 
been used as a surrogate endpoint in clinical tri-
als investigating the relationship between differ-
ent dietary interventions and gut microbiota in 
recent years (Table  15.1). Some dietary inter-
ventions were shown to reduce plasma TMAO 
levels. For instance, Erickson et al. [113] dem-
onstrated that a hypocaloric diet combined with 
exercise was associated with lower TMAO lev-
els at 12  weeks, which the authors believed to 
be secondary to a reduced dietary intake of the 
TMAO precursors usually found in high-caloric 
diets. In addition, Tenore et al. [190] showed that 
lacto-fermented Annurca apple puree containing 
polyphenols with antimicrobial and antioxi-
dant properties could reduce TMAO production 
at 8  weeks. Interestingly, even though pista-
chios contain a significant amount of choline, 
4-month pistachio consumption was associated 
with lower urinary TMAO levels in prediabetic 
patients, suggesting that gut microbial modifica-
tions by the dietary fiber in pistachios outweighs 
the effects of increased choline intake [191]. 
Finally, Obeid et al. [192] revealed that vitamin 
B and D supplementation was associated with 
decreased plasma TMAO levels at 12  months, 
which supports the hypothesis that vitamin D 
may promote the formation of dimethyglycerine 
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instead of TMA from dietary choline by modi-
fying the gut microbial community. The mecha-
nism of vitamin B and the TMA/TMAO pathway 
is still unclear.

In contrast, there have also been studies sug-
gesting that some diets may increase TMAO lev-
els and therefore should be limited or avoided, 
including diets high in red meat [65, 193], protein 

Table 15.1 Clinical studies investigating the effects of dietary interventions on trimethylamine N-oxide

Publication Dietary intervention Subjects Duration
Changes in 
TMAO

Wang et al. [193] Red meat 113 healthy subjects 4 weeks ↑
Mitchell et al. [194] Protein intake at twice the 

RDA
29 elderly, healthy men 10 weeks ↑

Griffin et al. [189] Mediterranean diet 115 healthy people at risk of colon 
cancer

6 months ↔

Washburn et al. 
[160]

24-h intermittent fasting 30 healthy subjects 48 h ↓

Erickson et al. [113] Hypocaloric diet 16 obese patients 12 weeks ↓
Annunziata et al. 
[190]

Grape pomace extract 20 healthy subjects 4 weeks ↓

Tenore et al. [190] Lacto-fermented Annurca 
apple puree

90 subjects with dyslipidemia 8 weeks ↓

Koeth et al. [65] L-carnitine 72 healthy subjects (40 omnivores 
and 32 vegans/vegetarians

24 h ↑↑ in omnivores
↑ in vegans/
vegetarians

Genoni et al. [201] Paleolithic diet containing 
resistant starch

39 healthy women 4 weeks ↔

Malik et al. [129] Lactobacillus plantarum 
299v

20 men with stable coronary artery 
disease

6 weeks ↔

Angiletta et al. 
[202]

Flavanol 20 obese patients 5 days ↔

Baugh et al. [147] Insulin 18 overweight/obese patients 6 weeks ↔
Heianza et al. [203] Hypocaloric diet 510 overweight/obese patients 6 months ↔
Schmedes et al. 
[195]

Lean-seafood diet 20 healthy subjects 4 weeks ↑

Borges et al. [135] Probiotics 21 patients undergoing 
hemodialysis

3 months ↔

Missimer et al. 
[204]

Oatmeal breakfast and 2 
eggs/day

50 healthy subjects 4 weeks ↔

Iannotti et al. [197] 1 egg/day 163 infants aged 6–9 months 6 months ↑
Guash-Ferre et al. 
[184]

Mediterranean diet 980 participants from PREDIMED 
study

1 year ↔

Hernandez-Alonso 
et al. [191]

Pistachio 39 prediabetic subjects 4 months ↓

Obeid et al. [192] Vitamin B and D 25 healthy subjects 1 year ↓
Cho et al. [196] Fish 40 healthy men 1 time ↑
Bergeron et al. 
[200]

Low carbohydrate/
high-resistant starch

52 healthy subjects 2 weeks ↑

Boutagy et al. [134] Probiotics 19 healthy subjects 2 weeks ↔
Vazquez-Fresno 
et al. [186]

Mediterranean diet 98 participants from PREDIMED 
study

3 year ↓

Tripolt et al. [133] Lactobacillus casei Shirota 30 patients with metabolic 
syndrome

12 weeks ↔

Barton et al. [199] Low glycemic load diet 19 healthy subjects 4 weeks ↑
Miller et al. [198] More than 2 eggs/day 6 healthy subjects 1 day ↑

RDA Recommended daily allowances, TMAO Trimethylamine N-oxide
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[194], L-carnitine [65], seafood [195, 196], eggs 
[197, 198], low glycemic load foods [199], and 
resistant starches [200]. In addition, a number 
of studies have demonstrated neutral results on 
changes in TMAO levels following dietary inter-
ventions [201–204], leading to the conclusion 
that more research needs to be done on this topic.

It is worth noting that there are some important 
factors that need to be considered when interpret-
ing results from studies demonstrating the impact 
of dietary interventions on TMAO.  Firstly, 
TMAO itself has significant intra- and inter-per-
sonal variations, so the generalizability of each 
study might be limited. Secondly , the duration of 
dietary implementation required to significantly 
affect TMAO has never been standardized, which 
may explain the neutral findings from some pre-
vious studies. Lastly, it is widely known that clin-
ical nutrition studies have numerous challenges 
and limitations, for example, unreliable dietary 
recall and noncompliance, that can affect the 
validity or wide applicability of the results.

 Traditional Chinese Medicine (TCM)

Interestingly, recent evidence from preclinical 
studies suggests that TCM confers cardiometa-
bolic benefits through modulation of the com-
position and function of gut microbiota. For 
instance, berberine is one of the phyto-alkaloids 
found in Huang-lian (Coptis chinensis), which 
is a common herbal treatment used in TCM for 
infectious diarrhea [205]. Berberine has been 
shown to reduce atherosclerotic burden in mice 
through an increase in the abundance of SCFA- 
producing bacteria (Akkermansia spp.) [206], 
reduced FMO3 expression, and reduced TMAO 
levels [207]. Similarly, the increase in SCFA pro-
ducers following berberine supplementation is 
also associated with reduced obesity and insulin 
resistance [208–210]. In addition, Chang et  al. 
[211] demonstrated that Ling Zhi (Ganoderma 
lucidum), a medicinal mushroom used in TCM 
[212], was associated with decreased body 
weight and insulin resistance, along with a 
reduced Firmicutes/Bacteroidetes ratio and less 
metabolic endotoxemia. Therefore, alterations 

to the composition and/or metabolism of the gut 
microbial community may be responsible for the 
cardiovascular benefits offered by TCM. Future 
research is warranted to uncover the direct mech-
anistic links between TCM and changes in gut 
microbiota profiles and metabolites in humans.

 TMA Lyase Inhibitors

Now that the TMA/TMAO pathway has been 
identified and widely studied, there have been 
efforts to target certain microbial enzymes with 
the goal of reducing their ability to produce 
TMAO from diets with choline, phosphatidyl-
choline, and carnitine. One of the promising 
approaches to reducing TMAO production is to 
target microbial TMA lyase, which consists of 
catalytic and regulatory polypeptides, includ-
ing choline TMA lyase (CutC), CutC-activating 
protein (CutD), and carnitine TMA lyase (CntA 
and CntB) [213, 214]. Recently, DMB was devel-
oped as the prototype of TMA lyase inhibitors 
by Wang et  al. [187]. DMB can competitively 
inhibit CutC in mice, resulting in a reduction in 
TMAO levels, macrophage foam cell formation, 
atherosclerotic plaque development induced by 
a high- choline diet [187], and adverse cardiac 
remodeling from pressure overload [215]. DMB 
was also tested in human gut microbiota and was 
found to be effective in suppressing TMA pro-
duction without an inhibitory effect on normal 
bacterial growth [187].

There are also some other interesting sub-
stances that have been shown to successfully 
reduce TMA and TMAO production. Roberts 
et al. [216] developed a suicide substrate  inhibitor 
of TMA lyase from a choline analogue, includ-
ing iodomethylcholine (IMC) and fluorometh-
ylcholine (FMC), that can irreversibly inhibit 
TMA lyase and reduce TMAO-mediated platelet 
hyperresponsiveness without affecting gut micro-
bial viability or increasing bleeding risk. Of note, 
IMC was also shown to be able to improve car-
diac structure and function [217], reduce hepatic 
cholesterol accumulation, and upregulate hepatic 
bile acid synthesis [218]. Moreover, Kuka et al. 
[219] demonstrated in a mouse model that meldo-
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nium, an aza-analogue of carnitine and gamma-
butyrobetaine, can decrease TMAO production 
from L-carnitine without affecting bacterial 
growth. Chen et  al. [220] showed that a natu-
ral phytoalexin, resveratrol, was able to reduce 
TMA production and atherosclerotic burden in 
mice by modifying the composition of gut micro-
biota, which was subsequently demonstrated 
in a pilot study on 201 healthy subjects as well 
[190]. Similarly, allicin, a natural antimicrobial 
phytochemical compound found in garlic, is able 
to inhibit carnitine-derived TMAO production 
[221]. Thus, in addition to dietary modifications, 
these pharmacologic approaches can potentially 
be alternative interventions for reducing cardio-
vascular risk caused by gut microbiota.

 Conclusions and Future Directions

Over the past decade, gut microbiota have been 
linked to dietary habits and cardiometabolic dis-
ease, including atherosclerosis, HTN, HF, obesity, 
and insulin resistance. Changes in the composi-

tion and metabolism of gut microbiota have been 
shown to be associated with CVD susceptibil-
ity, as summarized in Table 15.2. Since there are 
both inter- and intraindividual variability in the 
composition of the gut microbial community, 
and the utility of metagenomic sequencing is still 
limited by cost and availability, most of the stud-
ies to date have focused on metabolites produced 
from gut microbiota- dependent metabolism, 
such as SCFAs, bile acids, TMAO, and PAGln, 
which can mechanistically link gut microbes and 
CVD.  However, since there are variations and 
diversity in the structure and metabolism of each 
gut microbial community, there may be other still 
undiscovered metabolic pathways and complex 
host-microbe interactions that could contribute to 
the development and progression of cardiometa-
bolic diseases. Future longitudinal studies need 
to identify other potential metabolites and verify 
which can be used as biomarkers for cardiovas-
cular risk stratification in clinical practice.

Given the high morbidity and mortality burden 
of CVD throughout the world, it is unsurprising 
that many efforts are underway to develop novel 

Table 15.2 Cardiometabolic diseases and associated alterations in the composition of gut microbiota and gut 
microbiota- derived metabolites 

Altered composition of gut microbiota
Associated gut microbiota-derived 
metabolites

Atherosclerosis ↑ Firmicutes/Bacteroidetes ratio [9–11]
↓ SCFA-producing bacteria [8, 12, 13]
↑ Collinsella [8]
↑  Enterobacteriaceae, Proteobacteria, Eschericia, 

Shigella [9]

↑ TMAO [70, 78–82]
↑ PAGln [121]

HTN ↑ Firmicutes/Bacteroidetes ratio [16]
↓ SCFA-producing bacteria [16–18]
↓ Lactobacillus [20]

SCFAs [17, 39–43]
↑ TMAO [87–90]

HF ↑ Clostidium difficile [22]
↓ SCFA-producing bacteria [23–26]
↑  Campylobacter, Shigella, Salmonella, Yersinia 

[27]
↑ Ruminocuccus [24]
↑ Lactobacillus [25]
↑ Prevotella, Hungatella, Succinclasticum [26]
↓ Firmicutes/Bacteroidetes ratio [28]

↑ TMAO [91, 95–97, 103]
↓ Primary bile acids [52, 53]

Obesity and insulin 
resistance

↑ Firmicutes/Bacteroidetes ratio [29–31]
↓ SCFA-producing bacteria [34]
↑ Prevotella, Bacteroides [33]

↑  TMAO [105–109, 114, 115, 117, 
118]

SCFAs [42–45]
↑ Bile acids [55, 59–63]

HF Heart failure; HTN Hypertension; PAGln Phenylacetyl glutamine; SCFA Short-chain fatty acid; TMAO 
Trimethylamine N-oxide

T. Chaikijurajai et al.



241

treatment strategies for the prevention and treat-
ment of CVD. One promising strategy is to mod-
ify the composition and function of gut microbiota 
through the use of probiotics, prebiotics, FMT, 
dietary modifications and interventions, and/or 
TCM, all of which seem to have potential as alter-
native or adjunctive treatments for CVD. A popu-
lar focus of recent research has been the TMA/
TMAO pathway, which has been shown to be a 
promising target for both dietary interventions, 
such as the Mediterranean diet and extra-virgin 
olive oil, and microbial enzyme inhibitors, such as 
DMB. Although there are still questions about the 
effects of TMAO modification on CVD risk, pre-
vious findings suggest the possibility of a future 
with personalized dietary interventions based on 
an individual’s gut microbial composition and 
plasma TMAO levels, as well as the development 
of sequestrants that can inhibit microbial TMA 
lyase in the intestinal lumen without suppressing 
the growth of gut microbes in order to maintain 
the physiologic function of a healthy gut micro-
biota and reduce the risk of microbial resistance 
and opportunistic infections.
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 Introduction

The prevention and management of heart failure 
(HF) poses a unique challenge to clinicians 
practicing cardiovascular medicine. The preva-
lence of HF is expected to increase globally 
with an estimated 6.5  million Americans 
affected already [1], and HF places a substantial 
burden on the health-care system. Despite its 
marked prevalence and the frequency with 
which it is encountered in clinical practice, few 
advances have been made in reducing its inci-
dence and prevalence likely because HF is a 
complex clinical syndrome that encompasses 
numerous pathophysiologic states and has sig-
nificant overlap with various comorbidities. 
Medical management of HF is often determined 
by the degree of left ventricular systolic dys-
function as assessed by left ventricular ejection 
fraction (LVEF), with HF typically categorized 
as either heart failure with preserved ejection 

fraction (HFpEF; LVEF ≥50%), heart failure 
with reduced ejection fraction (HFrEF; LVEF 
<40%), or heart failure with midrange ejection 
fraction (HFmrEF; LVEF 40–49%). 
Furthermore, the American College of 
Cardiology/American Heart Association (ACC/
AHA) Heart Failure Guidelines now emphasize 
the stages of HF with Stage A being at risk 
patients where dietary modification may be crit-
ical to reduce the development of symptomatic 
HF.  Regardless of the categorization or stage, 
there is no single guideline-based dietary or 
nutritional recommendation for patients with 
HF, outside of a controversial focus on salt and 
fluid restriction to minimize volume retention 
[2–4]. Dietary and nutritional modifications for 
HF patients should be highly individualized and 
focus on comorbidities that either have a com-
plex interplay in the pathogenesis of HF or dis-
proportionately affect HF patients. Modifications 
of these comorbidities—including hyperten-
sion, obesity, diabetes, and coronary artery dis-
ease—through diet is the primary aim to prevent 
the development of HF, reduce symptoms, and 
improve morbidity and mortality. This chapter 
will review the nutritional and dietary recom-
mendations studied in HF patients with various 
comorbidities. Patient-specific dietary recom-
mendations to be discussed include reducing 
sodium intake, fluid restriction, and nutritional 
supplementation for patients with advanced HF.
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 Metabolism in HF

With the development of HF, there is a complex 
and multifaceted alteration in metabolism. 
Recognition of this altered metabolism is a key 
first step in understanding how different diets and 
nutrients play an important role in preventing and 
treating HF.  The core underlying pathophysiol-
ogy in HF is a chronic inflammatory state, which 
not only interplays with altered cardiac function 
but is a systemic process which affects hepatic, 
renal, and gastrointestinal function among other 
organs. Neurohormonal regulation of appetite, 

satiety, and insulin resistance in HF exacerbates 
the energy imbalance during a hyperadrenergic 
state [5]. Anorexia, malabsorption, and pro- 
inflammatory cytokines lead to a decreased 
energy supply and malnutrition, which can trig-
ger a maladaptive energy utilization and synthe-
sis process (Fig. 16.1) [5].

Cardiac myocytes under normal circum-
stances derive the majority of their energy from 
mitochondrial oxidative phosphorylation via oxi-
dation of fatty acids [6]. This energy is largely 
utilized for myocyte contraction and maintaining 
ion pumps, such as those responsible for main-

Malnutrition 

• Poor gut absorption 
• Neurohormonally mediated 

anorexia 
• Loss of water-soluble nutrients 
• Inflammation mediated 

malabsorption (iron) 
• Decreased functional capacity 

Co-morbidities 

• Diabetes–gastroparesis   
• Obstructive sleep apnea–chronic   

hypoxemia/hypercarbia 
• Renal dysfunction–vitamin   

deficiency, anemia, electrolyte 
imbalance 

• Atherosclerosis–mesenteric   
ischemia 

• Depression  
• Illicit drug use 

Altered Metabolism 

• Hyperadrenergic state 
• Increased renin-angiotensin-

aldosterone system 
activation 

• Mitochondrial dysfunction 
• Lipotoxicity 
• Increased reactive oxygen 

species 

Fig. 16.1 There is a complex interplay between altered 
metabolism, factors leading to malnutrition and comor-
bidities in heart failure. These different aspects overlap 
with each other in multiple different dimensions contrib-

uting to worse outcomes in heart failure. This also adds to 
the difficulty in treating heart failure patients, as attempt-
ing to control one aspect alone is inadequate given the 
interplay with the other two aspects
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Table 16.1 Pathophysiologic and dietary considerations for comorbidities and risk factors associated with heart 
failure

Pathology Dietary considerations
Obesity Insulin resistance

Chronic inflammatory state
Obstructive sleep apnea

“U”-shaped association with BMI and mortality
Mediterranean diet
DASH diet
Low-carb, low-fat, volumetric, high protein or vegetarian diet

Hypertension RAAS activation
Cardiac remodeling (LVH)
Renal disease
Contributing comorbidities—alcohol 
intake, obesity, obstructive sleep apnea

Avoiding high salt intake
DASH diet

Diabetes Microangiopathy
Lipotoxicity
Mitochondrial dysfunction

Low-calorie, low-fat diet
DASH diet
Plant-based diet

Atherosclerosis Hyperlipidemia
Ischemic cardiomyopathy

DASH diet
Mediterranean diet

DASH Dietary Approaches to Stop Hypertension, LVH left ventricular hypertrophy, RAAS renin–angiotensin–aldoste-
rone system

taining intracellular calcium in the sarcoplasmic 
reticulum. Due to the continuous work by the car-
diac myocytes, the energy requirement in the 
myocardium is high and a constant supply of 
energy is required to maintain contractile func-
tion. Depending on the type, stage, and chronic-
ity of HF, various alterations in cardiac 
metabolism have been observed in animal and 
human models [6]. In general, HF is associated 
with decreased fatty acid oxidation and energy 
production along with mitochondrial dysfunc-
tion. There is a shift to glucose oxidation and the 
citric acid cycle that is considered inadequate to 
produce the necessary energy. Additionally, 
increased reactive oxygen species in HF have 
been implicated in accelerating cardiac remodel-
ing, lipotoxicity, mitochondrial damage, and 
autophagy [6]. Although altering energy utiliza-
tion in the myocardium is a ripe area for pharma-
cotherapy research, dietary and nutritional 
interventions also have an important role in 
ensuring that adequate micro- and macronutri-
ents are available to reduce reactive oxygen spe-
cies, improve energy availability, and reduce 
remodeling.

 A Heart Failure Diet?

There is no single “optimal” diet for HF, and spe-
cific recommendations for patients with HFrEF 
versus HFpEF do not exist. In fact, HFmrEF is 

another recently recognized category of HF for 
which pathogenesis, prognosis, and therapeutics 
are not clearly defined. Since each category of 
HF confers variable but overlapping risks and 
comorbidities, the mainstay of dietary and nutri-
tional management of HF is an individualized 
assessment and modification of risk factors and 
comorbidities. This is reflected in a 2016 scien-
tific statement by the AHA which highlights the 
need for dietary recommendations to be individu-
alized to address comorbidities in each patient 
with HF [2]. The specific pathology and dietary 
recommendations associated with common 
comorbidities and risk factors are outlined in 
Table 16.1.

Due to the high prevalence of some common 
comorbidities in HFpEF and HFrEF patients, the 
Dietary Approaches to Stop Hypertension 
(DASH) and Mediterranean diets have been the 
most well studied diets in HF patients. Both 
DASH and Mediterranean diets have been shown 
to prevent HF in healthy or at-risk individuals 
and reduce symptoms and decrease mortality in 
patients with established HF [7–10]. The data for 
both of these findings though is highly variable. 
In terms of primary prevention, the DASH diet 
has been studied in large observational studies 
which included a range of 6814–38,987 study 
participants; these studies found a reduction in 
the development of clinical HF in both men and 
women as well as favorable echocardiographic 
findings associated with the DASH diet [8]. Data 
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for the Mediterranean diet originates from 
slightly older studies, which includes the Lyon 
Diet Heart Study which was published in 1999 
[8]. The Lyon Diet Heart study enrolled 604 
individuals, of whom half were prospectively 
randomized to a Mediterranean Diet. This study 
showed that Mediterranean diet arm had a large 
reduction in a composite endpoint that included 
incident HF [11].

The evidence behind the favorable outcomes 
with the DASH and Mediterranean diets in 
patients who carry a diagnosis of HF comes from 
several small studies. The DASH diet was ini-
tially investigated in many small studies that 
included a range of 12–48 subjects with either 
unspecified HF or HFpEF [7, 8]. One of these 
studies had a 3-month follow-up period, with 
most follow-up periods less than 1 month [7, 8]. 
The only large study correlating adherence to the 
DASH diet with clinical outcomes is part of The 
Women’s Health Initiative study which observed 
3215 women in HF and found that DASH diet 
was associated with a lower mortality at 4.6 years 
[10]. Similarly, evidence for the benefit of the 
Mediterranean diet in patients with HF also stems 
from smaller studies. The Mediterranean Diet 
was studied in an overlapping cohort of 106–372 
patients with HF over several studies and found 
that the Mediterranean Diet is associated with 
favorable echocardiographic findings and lower 
levels of circulating inflammatory cytokines [7]. 
The Women’s Health Initiative study was the 
largest trial assessing benefits of the 
Mediterranean diet and found a trend toward 
decreased mortality in women adhering to a 
Mediterranean Diet [10].

More recently, there has been a focus on a 
plant-based diet which was studied in a 2019 
publication [12]. This study included a large 
cohort of 16,068 individuals (59% women) fol-
lowed for 8.7 years. The risk of developing HF 
(either HFrEF or HFpEF) was correlated with 
five different dietary patterns. Adherence to a 
plant-based diet high in vegetables, fruits, 
beans, and fish was associated with a reduced 
risk of HF development, even in individuals 
with baseline hypertension [12]. The proposed 
mechanism for benefit of a plant-based diet is 

the anti- inflammatory effects of ingesting higher 
amounts of foods rich in antioxidants leading to 
a reduction in reactive oxygen species which in 
turn changes cell signaling and function to 
reduce myocyte hypertrophy and interstitial 
fibrosis [12].

 Comorbidities

 Obesity

Measures of obesity , including body mass index 
(BMI) and waist circumference, are indepen-
dently associated with the risk of HF develop-
ment. The association between obesity and HF 
development appears to be multifactorial and 
related to not only excess body mass but also 
obesity-related hormonal abnormalities, insulin 
resistance, and a chronic inflammatory state. 
Obesity in HFpEF may have a significant associ-
ation with obstructive sleep apnea which is 
another comorbidity that can exacerbate 
HFpEF.  Obesity can also be seen in HFrEF 
patients and may overlap with metabolic syn-
drome which can increase the risk of ischemic 
cardiomyopathy.

Despite the increased risk of HF development 
in obese individuals, the severity of obesity is not 
always linearly correlated with risk for mortality 
in patients with established HF. In fact, a higher 
BMI in patients with known HFrEF and HFpEF 
is paradoxically associated with lower all-cause 
and cardiovascular mortality [13]. This is known 
as the “obesity paradox” [13]. Recent evidence 
suggests that the obesity paradox may only apply 
to older individuals, and younger patients with 
HF have a linear association between increasing 
obesity and worse clinical outcomes [14]. In fact, 
it has been noted that there is a “U shaped” asso-
ciation (Fig. 16.2) of BMI and clinical outcomes 
in older HF patients, where a BMI less than 
18.5 kg/m2 is also associated with worse progno-
sis [2, 13, 14]. Low BMI patients are likely to be 
experiencing malnutrition and/or cachexia related 
to a catabolic state in advanced HF. Additionally 
, the poor prognosis associated with a low BMI 
may be related to other underlying conditions 
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leading to unintentional weight loss. Thus, man-
agement of obesity in patients with established 
HF is a complex topic with questionable benefit. 
Meanwhile, addressing obesity in patients at risk 
of HF has a very distinct role and benefit.

Weight loss in patients at risk of HF has sev-
eral potential benefits including decreased blood 
pressure, cardiac mass, and filling pressures, and 
possibly improved diastolic and systolic cardiac 
function. Evidence for the potential benefits of 
weight loss in obese individuals is extrapolated 
from bariatric surgery studies. Weight loss 
through bariatric surgery has been shown to 
improve echocardiographic markers of diastolic 
function, with some evidence of improved sys-
tolic function as well [2]. Although no specific 
studies have prospectively assessed the effects of 
dietary weight loss for the prevention of HF, 
weight loss in obese individuals at risk for HF is 
recommended, and typically the Mediterranean, 
DASH, low-carb, low-fat, volumetric (low- 
calorie), high-protein, or vegetarian diets are 
recommended.

In contrast, the evidence for weight loss in 
patients with established HF and obesity is 
unclear. A pilot study of 14 individuals demon-
strated that overweight patients with HFrEF and 
diabetes mellitus assigned to a high-protein diet 
lost more weight and had improved quality of life 
compared to those assigned a standard protein 
diet and conventional diet [15]. These results 
have yet to be demonstrated in large clinical trials 

with sustained weight loss with measurement of 
core outcomes such as mortality or rehospitaliza-
tions. In fact, this finding is in contrast to another 
trial where 170 obese patients with HFrEF that 
experienced weight loss (not through a specified 
lifestyle modification recommendation) were 
observed to have a higher mortality [16]. It should 
be noted that patients in this study that had a 
higher mortality with weight loss may exemplify 
the obesity paradox discussed earlier; uninten-
tional weight loss may be due to advanced HF 
and cardiac cachexia. Despite this study, there is 
an ongoing discussion about the potential bene-
fits for weight loss in obese patients with HF 
when using structured interventions, which is 
evidenced by the positive data shown in bariatric 
surgery patients. In small studies (12–14 sub-
jects) of obese patients with HFrEF undergoing 
bariatric surgery, weight loss was retrospectively 
associated with improved LVEF and functional 
capacity [2]. These studies suggest that the effects 
of weight loss on HF patients may be dependent 
on whether weight loss is actively and intention-
ally achieved (e.g., lifestyle, diet, or surgery) ver-
sus unintentional (e.g., related to malnutrition 
and cachexia).

 Hypertension

Hypertension is a common comorbidity in both 
HFpEF and HFrEF patients, and it is also thought 
to be an underlying mechanism in the develop-
ment of HFpEF as well a risk factor for 
HFrEF. There is an abundance of data suggesting 
that treatment of systolic and diastolic 
 hypertension reduces the risk of developing HF 
[2]. Indeed, the Systolic Blood Pressure 
Intervention Trial (SPRINT) demonstrated the 
cardiovascular benefits of blood pressure lower-
ing with HF being one of the most common inci-
dent cardiovascular diseases reduced [17]. 
Management of hypertension, however, is com-
plex and requires consideration of secondary 
causes such as obesity, excess dietary sodium 
intake, sleep- disordered breathing, excess alco-
hol use, and progression of chronic kidney dis-
ease. Thus, there is some overlap in the dietary 
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Fig. 16.2 The “U”-shaped association between body 
mass index (BMI) and total cholesterol with mortality in 
heart failure. Patients with high and low BMIs and total 
cholesterol levels experience the worst outcomes
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management of hypertension with these comor-
bid conditions. Much of the dietary management 
of hypertension tends to focus on limiting sodium 
intake as well as weight loss in the obese patient 
with obstructive sleep apnea. The benefits of lim-
iting dietary sodium intake have been most well 
studied through the DASH diet. Adherence to the 
DASH diet has reproducibly led to decreased 
systolic and diastolic blood pressures [2, 18]. In 
the patients with Stage A HF, a low-sodium diet 
and specifically the DASH diet is the most com-
monly recommended diet for reducing the pro-
gression to HF.

For patients with established HF, manage-
ment of hypertension is a cornerstone of treat-
ment. Afterload reduction with agents that 
downregulate the renin–angiotensin–aldosterone 
system (RAAS) are often initial therapies 
because RAAS activation leads to the cycle of 
vasoconstriction, water retention, and increased 
blood pressure among other deleterious effects. 
Because of the potential benefits of blood pres-
sure management in patients with HF and hyper-
tension, the DASH diet has been extensively 
studied in patients with both HFrEF and HFpEF; 
however, results have been variable for the effi-
cacy of the DASH diet. Specifically, in patients 
with hypertension and HFpEF, the DASH diet 
has been shown to improve diastolic function 
and decrease systemic vascular resistance [19]. 
More recently, the Geriatric Out-of-Hospital 
Randomized Meal Trial in heart failure investi-
gators randomized 66 patients with HFpEF and 
HFrEF to receive home delivered DASH diet 
meals after hospital discharge [20]. The study 
showed a trend toward improved quality of life 
and reduction in 30-day readmission rates; how-
ever, it was underpowered and did not meet sta-
tistical significance when compared to the usual 
care group [20]. Although the DASH diet does 
limit sodium intake, it also encourages more 
consumption of fruits, vegetables, lean protein, 
and fiber which may have other beneficial effects 
through altering levels of other micronutrients 
and reducing systemic inflammation. Overall, 
dietary management of HF patients with HTN 
remains an active area of research.

 Diabetes Mellitus

The association between diabetes mellitus and 
risk of developing HF has been well established. 
Not only is diabetes found to increase risk of HF 
by twofold in men and fivefold in women inde-
pendent of other risk factors, insulin resistance 
(with elevated glycosylated hemoglobin without 
diabetes) is also associated with a higher risk of 
HF [21, 22]. The pathophysiologic processes that 
increase the risk of HF in diabetics are likely 
related to coexisting metabolic syndrome with 
concurrent obesity and hypertension in addition 
to the direct effects of hyperglycemia on micro-
angiopathy, lipotoxicity, and mitochondrial dys-
function. Thus, it is not surprising that many HF 
patients also carry a diagnosis of diabetes. In 
patients with existing HF, diabetes is linked to 
higher rates of hospitalization and mortality [2].

Lifestyle modification for the prevention of 
diabetes in the at-risk population and manage-
ment for those with known diabetes is a key com-
ponent for the prevention of HF. Based on data by 
the Diabetes Prevention Program Research 
Group, lifestyle modification for the high-risk 
population has been shown to be more effective 
than metformin in preventing progression to dia-
betes. Specifically, this group showed that weight 
loss with a prescription of physical activity and a 
low-calorie, low-fat diet reduced the incidence of 
diabetes by 58% over 2.8 years in a cohort of 
3243 nondiabetic individuals [23].

More recently, further analysis of the Look 
AHEAD (Action for Health in Diabetes) has 
been published [24]. The Look AHEAD trial was 
initially designed to assess the risk of developing 
cardiovascular disease in a cohort of obese and 
diabetic individuals randomized to lifestyle inter-
vention and diet versus usual care. The aim was 
to sustain weight loss of at least 7% using a low- 
calorie diet, which included meal replacements, 
and moderate-intensity exercise for more than 
175 min per week. The initial trial was stopped 
due to futility after a median follow-up of 
9.6 years due to low cardiovascular events. With 
5109 participants, this trial is one of the largest 
studies directly assessing the effects of diabetes 
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and obesity management on the development of 
HF [24]. In the most recent analysis, which 
included follow-up of 12.4  years, investigators 
found that intensive lifestyle modification did not 
significantly reduce the risk of HF, despite sus-
tained weight loss and lower glycosylated hemo-
globin levels. Risk of HFpEF was lower in 
individuals with higher baseline functional 
capacity as determined by a maximal treadmill 
test [24]. Although there is not a specific diet rec-
ommended for individuals with diabetes and HF, 
the American Diabetes Association endorses the 
incorporation of Mediterranean, DASH, and 
plant-based diets into individualized meal plan-
ning for diabetics patients [25].

 Atherosclerotic Heart Disease

Coronary artery disease has long been linked to 
the development of HF, with concern that the 
incidence and prevalence of HF will continue to 
rise as therapeutics improve survival after a myo-
cardial infarction in the aging population. The 
dietary management of atherosclerotic heart dis-
ease to prevent HF has often focused on the man-
agement of dyslipidemia. In terms of specific 
diets, the Mediterranean diet is the most well 
studied. The initial trial showing the protective 
effects of adhering to the Mediterranean Diet was 
conducted from 1988 to 1992, and an extended 
follow-up of 46  months showed significantly 
lower rates of cardiovascular death, recurrent 
myocardial infarction, and HF in the group 
assigned the Mediterranean Diet [11]. The DASH 
diet and a vegetarian diet are also recommended 
for overall reducing atherosclerotic heart disease- 
related comorbidities [26]. Interestingly, there is 
some evidence that low total cholesterol levels in 
patients with known HF may be predictive of 
higher mortality [27]. This association is similar 
to the “U-shaped” relationship between BMI and 
mortality (Fig.  16.2), where an abnormally low 
cholesterol level likely reflects poor metabolic 
reserve in patients with advanced HF and cardiac 
cachexia. Conversely, elevated cholesterol levels 
are responsible for greater atherosclerotic cardio-
vascular disease burden.

 Specific Dietary Recommendations 
in the Treatment and Prevention 
of Heart Failure

 Sodium Restriction

Low sodium content is a major component of the 
DASH diet, which has an established role in 
reducing blood pressure and risk of HF develop-
ment. Sodium restriction is also generally recom-
mended for patients with Stage C or D HF as a 
means of preventing progression of disease, con-
trolling symptoms, and reducing HF exacerba-
tions. The data supporting sodium restriction is 
quite poor though, and the 2013 ACC/AHA Heart 
Failure Guidelines state there is “insufficient evi-
dence” to suggest that lower sodium intake pre-
vents HF or reduces symptoms [3]. Despite some 
evidence that low sodium diets in HF patients 
may reduce B-type natriuretic peptide (BNP) lev-
els, improve QOL, and reduce risk of recurrent 
HF exacerbation [28, 29]; it is generally not well 
tolerated. An inpatient study where salt and fluid 
were restricted demonstrated that patients experi-
enced increased sensation of thirst without an 
improvement in weight loss or clinical stability 
[30]. This raises the concern that the low-sodium 
diet recommendations likely are not adhered to 
and could potentially exacerbate malnutrition in 
patients with advanced HF who have limited 
appetite at baseline. Paradoxically, hypertonic 
saline has been used in patients with acute HF to 
assist in volume removal, which is contradictory 
to commonly held beliefs on sodium restriction 
[31]. Thus, sodium restriction is not a 
 guideline- based recommendation for HF patients, 
and the implications on quality of life and nutri-
tion should be considered for patients that are 
recommended to follow such a restriction.

 Fluid Restriction

Limiting fluid intake in HF patients is another 
commonly employed strategy to help reduce 
diuretic requirements, especially in patients 
admitted with HF. The utility of fluid restriction 
in the management of HF remains unclear. As 
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aforementioned, there is some evidence that salt 
and fluid restriction leads to increased perception 
of thirst without any clinical benefits [30]. It 
should be noted that some studies have found 
higher diuretic requirements in HF patients are 
associated with a worse mortality; however, other 
studies have not found this and it is often believed 
that the higher diuretic requirements reflect a 
more advanced HF patient population [27]. 
Regardless, fluid restrictions are often placed so 
as not to “feed the fire” with needing more diuret-
ics to remove fluid. This recommendation is 
made despite a lack of evidence that fluid restric-
tion alters the pathophysiology of HF or reduces 
mortality.

 Nutrition in Advanced Heart Failure

Malnutrition in advanced HF is an incredibly 
common and multifaceted comorbidity. 
Malnutrition likely results from a complex inter-
play of a chronic hypercatabolic and inflamma-
tory state, appetite suppression and malabsorption 
due to gut-edema, and muscle wasting due to 
cachexia or sarcopenia [4, 5]. The significance of 
malnutrition has been established over many 
studies that indicate low albumin, muscle mass, 
BMI, and cholesterol levels among other markers 

of malnutrition are closely linked to poor survival 
in HF patients [5]. Although protein intake is 
commonly insufficient in this population, higher 
protein intake recommendations are not stan-
dardized since protein intake should be individu-
alized based on a person’s dietary pattern and 
renal function.

Inadequate consumption of several micronu-
trients is also commonly found in advanced HF 
patients, especially those adhering to a salt- 
restricted diet [32]. However, the clinical signifi-
cance of these nutritional deficiencies is unclear. 
Thus, aside from the recent incorporation of iron 
replacement into the 2017 ACC/AHA Heart 
Failure Guidelines, replacement of other nutri-
ents such as thiamine and coenzyme Q10 are not 
supported by major societies or guidelines 
(Table 16.2). In general, all HF patients should 
receive a comprehensive nutrition assessment 
either in the inpatient or outpatient setting, espe-
cially if there are signs of cardiac cachexia which 
includes edema-free weight loss of more than 6% 
over the preceding 6–12 months or BMI less than 
20  kg/m2 [4, 5]. Individualized assessment for 
possible malnutrition and specific nutritional 
deficiencies should guide clinical recommenda-
tions. Commonly encountered nutritional and 
vitamin deficiencies and the evidence of supple-
mentation is outlined in Table 16.3.

Table 16.2 Dietary and supplement recommendations for patients with HF by guideline recommendations and indica-
tion class (when available)

ACC/AHA/HFSA 2013 and 2017 ESC 2016
Salt intake Reasonable to restrict sodium intake (<3 g/d) to 

reduce symptoms (Class IIa) [3]
Avoid high salt intake (>6 g/d) [44]

Fluid intake Reasonable to restrict fluid intake (1.5–2 L/d) in 
stage D heart failure, especially with hyponatremia 
(Class IIa) [3]

Avoid excessive fluid intake [44]
Restricting fluid intake to 1.5–2 L/d may be 
considered to relieve symptoms in severe heart 
failure [44]

Vitamin D No recommendations No recommendations
Iron Reasonable to supplement with intravenous iron if 

iron deficient to improve symptoms and quality of 
life (Class IIa) [45]

No recommendations

Thiamine No recommendations No recommendations
Coenzyme 
Q10

No recommendations No recommendations

ACC American College of Cardiology, AHA American Heart Association, ESC European Society of Cardiology, HFSA 
Heart Failure Society of North America
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 Vitamin D

Vitamin D deficiency is thought to be very com-
mon in HF patients, but the evidence for vitamin 
D replacement for prevention of HF and treat-
ment of HF is inconclusive. An observational 
study of 686 older adults (age 70–79 years) did 
not find any association between lower calcitriol 
levels and risk of HF over a period of 8.6 years 
[33], suggesting that vitamin D deficiency is not 
a major factor in development of HF.  Another 
study of 227 patients with chronic kidney dis-
ease with moderate left ventricular hypertrophy 
and preserved ejection fraction showed that sup-
plementation with an active vitamin D com-
pound did not alter cardiac mass or change 
echocardiographic measurements of diastolic 
function over a 48-week follow-up period [34]. 
The largest trial on this topic comes from the 
Women’s Health Initiative study which random-
ized 35,983 women to calcium and vitamin D 
supplementation versus placebo [35]. Over 
7.1 years of follow-up, there was no difference 
in the incidence of HF in the overall population. 
The lack of benefit was seen in the subgroup of 
women with preexisting coronary artery dis-
ease, diabetes, and hypertension, but women 
without these risk factors did have a signifi-
cantly lower incidence of HF (hazard ratio 0.63, 
CI 0.46–0.87) [35].

The hypothesized benefits of vitamin D sup-
plementation are thought be from a direct 
receptor- mediated effect on intracellular calcium 
homeostasis in cardiac myocytes as well as 
downregulation of RAAS which may improve 
myocyte aerobic capacity and reduce water and 
salt retention. Although vitamin D deficient indi-
viduals with HFrEF have been shown to have 
lower aldosterone levels after 6 months of vita-
min D supplementation, there is no clear improve-
ment in cardiac function or functional status with 
vitamin D supplementation [36]. In another study 
of 94 patients with HFrEF and low vitamin D lev-
els who were given vitamin D supplementation 
for 4 months, there was a statistically significant 
improvement in functional capacity measured by 
a 6-min walk test, reduction in biomarkers of HF, 
and improvement in LVEF as compared to base-
line assessment [37]. These studies are small and 
benefits of vitamin D supplementation are not 
reproducible across all the studies, so vitamin D 
supplementation is not routinely recommended 
for all individuals with HF and remains an active 
area of interest.

 Iron Deficiency

The ACC, AHA , and Heart Failure Society of 
North America (HFSA) recommend intravenous 

Table 16.3 Overview of some commonly encountered vitamin and nutritional deficiencies, their role in mediating 
cardiac function, and evidence of replacing these deficiencies

Role in cardiac 
function

Evidence for 
replacement Data

Vitamin D Cardiac 
remodeling
Calcium 
homeostasis

+/− Several small studies with potential benefit
Large WHI study with no difference in the incidence of HF

Iron Mitochondrial 
function
Oxygen 
transportation

+++ Good quality evidence for improved functional capacity and 
quality of life with intravenous ferric carboxymaltose and iron 
sucrose for individuals with iron deficiency with or without 
anemia
No benefit from oral supplementation

Thiamine Cardiac output +/− Theoretical benefit if high diuretic requirement or alcohol use
No good evidence

Coenzyme 
Q10

Antioxidant + Small studies with fair evidence for improved functional capacity, 
reduction in HF admissions, and decreased mortality. Larger trials 
needed to confirm findings

HF heart failure, WHI Women’s Health Initiative
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iron repletion for individuals with HF and iron 
deficiency regardless of ejection fraction [4]. Iron 
is well-known to be a major factor in providing 
oxygen carrying capacity and a core component 
of hemoglobin. Iron also plays an important role 
in supporting mitochondrial function and is 
actively involved in oxidative phosphorylation, 
citric acid cycle, and nitric oxide generation. 
Thus, when skeletal and cardiac muscles are 
operating under a state of high-energy consump-
tion in HF, sarcomere structure and left ventricu-
lar function is particularly sensitive to iron 
deficiency even in the absence of anemia.

There are two major randomized clinical trials 
that have led to the widespread recognition and 
use of intravenous iron supplementation in HF 
patients with iron deficiency [38, 39]. The first 
major trial consisted of 459 HFrEF patients with 
iron deficiency (with and without anemia) who 
were randomized to intravenous ferric carboxy-
maltose versus placebo and followed for 
24 weeks. Compared to individuals that received 
placebo, the ferric carboxymaltose group reported 
improvement in functional capacity and quality 
of life [38]. A more recent study of 304 ambula-
tory patients with HFrEF and iron deficiency 
showed that administration of ferric carboxy-
maltose resulted in sustained improvements in 
functional capacity and quality of life at 52 weeks 
[39]. There was also a reduction in HF admis-
sions but no difference in mortality or adverse 
events in this study [39]. Similar beneficial 
effects have also been demonstrated with use of 
iron sucrose [40].

However, not all iron replacement strategies 
are equal. Other formulations of intravenous iron 
have either not been studied or failed to show ben-
efit in HF patients. Furthermore, use of oral iron 
supplementation or dietary modification to 
increase oral iron intake in HF patients is not sup-
ported. The lack of benefit in oral iron supplemen-
tation was highlighted in a randomized clinical 
trial of 225 HFrEF patients with iron deficiency 
who had no benefits noted at the end of a 16-week 
follow-up period [41]. This is likely due to the 
chronic inflammatory state and gut edema in HF 
which can inhibit oral iron absorption.

 Thiamine

Thiamine deficiency is a major concern in those 
with active alcohol use resulting in alcohol- 
induced cardiomyopathy. As a water-soluble 
nutrient, high-dose diuretics are also hypothe-
sized to lead to thiamine deficiency [4]. Thiamine 
repletion has been suggested to improve left ven-
tricular systolic function, but this evidence is not 
robust. Thus, thiamine repletion is not generally 
recommended for HF patients, unless there is a 
concern for active alcohol use or high doses of 
diuretics in the admitted patients at risk for water- 
soluble vitamin deficiencies [4, 42].

 Coenzyme Q10

Deficiency in coenzyme Q10 (CoQ10) has been 
correlated with worsening symptoms and poor 
prognosis in HF patients. CoQ10 has been 
hypothesized to improve myocardial function by 
acting as an antioxidant, and it is one of the few 
micronutrients directly studied in randomized 
clinical trials in HF patients [42]. Although these 
studies are small and level of evidence is insuffi-
cient to translate to guidelines, CoQ10 supple-
mentation has been associated with improved 
functional capacity, reduced HF admissions, and 
decreased cardiovascular and all-cause mortality 
in a randomized controlled trial of 420 patients 
with either HFrEF or HFpEF [43]. Although this 
trial had an extended follow-up period of up to 
2 years, the predetermined study population was 
not enrolled and baseline patient population was 
healthier leading to a lower than expected mortal-
ity rate at 2 years [43]. Thus, these findings are 
largely hypothesis generating and larger trials are 
needed to confirm these findings.

 Conclusion

Nutritional and dietary modification for the pre-
vention and treatment of HF is a complex topic 
due to the various categories and stages of HF, 
the complex pathophysiology of HF, and con-

P. Bhatia and N. Wettersten



261

stellation of accompanying comorbidities. To 
date, the DASH and Mediterranean diets have 
the most robust evidence for the prevention of 
HF and reducing mortality in patients with an 
existing HF diagnosis. More recently, there is 
growing evidence for the preventive benefits of a 
plant- based diet. However, specific guideline-
based dietary and nutritional recommendations 
for HF patients are limited due to the heteroge-
neous patient populations and variability in pub-
lished evidence. In general, clinicians are 
encouraged to individualize dietary and nutri-
tional recommendations, which should include 
thorough assessment of comorbidities such as 
hypertension, obesity, diabetes mellitus, and 
atherosclerosis.

The evidence for specific dietary modification 
and nutritional supplementation in HF is even 
more variable. Salt and fluid restrictions are com-
monly recommended for HF patients for the 
management of symptoms and reduction in 
diuretic requirement; however, these generalized 
recommendations lack substantial evidence for 
benefit and may in fact exacerbate malnutrition in 
some patients. In paradox to these recommenda-
tions, recent publications on use of hypertonic 
saline to reduce fluid retention further raises 
questions about the benefits of these common 
practices. While an area of active interest, most 
nutritional supplementation lacks robust data and 
is not guideline recommended. Intravenous iron 
replacement, but not oral supplementation, is one 
of the few interventions that has robust evidence 
in improving symptoms and quality of life in iron 
deficient HF patients. For other vitamin and 
micronutrient deficiencies, benefits of replace-
ment are less clear, and supplementation recom-
mendations should be made based on an 
individualized assessment of patient factors and 
comorbidities. Overall, the variability in evi-
dence and findings for different diets and nutri-
tional supplementation in HF emphasize the need 
for large well-designed randomized trials. At this 
point, it is not a question if dietary modification is 
important in HF, but which specific modifications 
are most beneficial to potentially prevent and 
reverse HF.
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Dietary Considerations 
for the Prevention and Treatment 
of Arrhythmia

Marin Nishimura and Jonathan C. Hsu

 Atrial Fibrillation and Obesity

Atrial fibrillation (AF) is the most common car-
diac arrhythmia and results in significant morbid-
ity and mortality worldwide [1, 2]. The lifetime 
risk of AF is estimated to be 1 in 6, and its preva-
lence is expected to increase further with aging of 
the population [1, 3]. Prevention is the most 
effective way to reduce the burden of disease, and 
given the high prevalence and significant societal 
burden of AF, greater understanding of modifi-
able risk factors contributing to the development 
and progression of AF is paramount.

Studies have established multiple cardiovas-
cular risk factors for AF, including advanced age, 
diabetes, and hypertension, in addition to intrin-
sic cardiac pathologies such as congestive heart 
failure, coronary artery disease, and valvular 
heart disease [4]. Obesity, a growing global pan-
demic, is also shown to have a strong association 
with AF and subsequent clinical outcomes [5]. 
More than one-third of the population suffers 
from obesity and targeting this important risk 
factor has a great potential to reduce the global 
burden of AF [6]. Hence, current data suggest 
that the management of obesity should be an 

important aspect of care for patients with and at 
risk for AF.

 Obesity and the Risk of AF

Several large-scale studies have established a 
strong association of obesity with incident AF. In 
a subanalysis of the Framingham Heart Study, 
increase in obesity status as measured by 1-unit 
increase in body mass index (BMI) associated 
with a 4% increase in the risk of AF (Table 17.1) 
[7–12]. The adjusted hazard ratios (HR) for AF 
associated with obesity status were 1.52 for men 
(95% confidence interval [CI] 1.09–2.13; 
p = 0.02) and 1.46 for women (95% CI 1.03–2.07, 
p = 0.03). Similarly, an analysis of the Women’s 
Health Study found a significant association 
between BMI and incident AF, which persisted 
after accounting for hypertension, diabetes, and 
the interim development of cardiovascular dis-
ease [8]. In this study, BMI was found to be asso-
ciated linearly with the risk of incident AF with a 
4.7% (95% CI 3.4–6.1, p  30 kg/m2), and 12.2% 
increased risk of incident AF was attributable to 
obesity independent of other cardiovascular risk 
factors [8]. In addition to obesity as measured by 
BMI, the Guangzhou Biobank Cohort Study 
demonstrated an association between obesity as 
measured by waist circumference and incident 
AF [13]. Obesity is also shown to have an asso-
ciation with postoperative AF following cardiac 
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surgery (adjusted OR [aOR] for obese I com-
pared to normal weight 1.36, 95% CI 1.14–1.63; 
aOR for obese II 1.69, 95% CI 1.35–2.11; aOR 
for obese III 2.39, 95% CI 1.81–3.17) [14]. 
Finally, a meta- analysis, including 626,603 sub-
jects from 51 studies, found a 19–29% increased 
risk of incident AF for every 5 unit increase in 
BMI [15]. A 10% increase (OR 1.10, 95% 1.04–
1.17) in the incidence of postoperative AF was 

also seen for every 5 kg/m2 increase in BMI [15]. 
In line with the findings from the observational 
studies, a study employing mendelian random-
ization analysis suggested a causal relationship 
between obesity and incident AF (HR 1.15 [95% 
CI 1.04–1.26] and 1.11 [95% CI 1.05–1.17] for 
two genetic instruments analyzed) [9]. Hence, 
available data strongly suggest an association 
between obesity and incident AF and underscore 

Table 17.1 Selected studies on obesity and AF

Author Title
Study size and 
design Findings

Wang et al. 
[7]

Obesity and the risk of new-onset 
atrial fibrillation

Community based, 
observational 
cohort, n = 5282

Subanalysis of the Framingham Heart Study. 
Increase in 1-unit increase in BMI was 
associated with a 4% increase in the risk of 
AF. Adjusted HRs for AF associated with 
obesity status were 1.52 for men and 1.46 
for women

Tedrow et al. 
[8]

The long and short term impact of 
elevated body mass index on risk 
of new atrial fibrillation in the 
women’s health study

Observational 
cohort, n = 34,309

Subanalysis of the Women’s Health Study. 
Found significant association between BMI 
and incident AF. Linear association between 
BMI and risk of incident AF with 4.7% 
increase in risk with each 1-unit increase in 
BMI; 1.65–1.77-fold increase in the risk of 
incident AF with obesity (compared to 
normal weight), and 12.2% of the increase 
in risk was attributable to obesity

Chatterjee 
et al. [9]

Genetic obesity and the risk of 
atrial fibrillation – Causal 
estimates from Mendelian 
randomization

Mendelian 
randomization, 
n = 51,646

Causal relationship between obesity and 
incident AF (HR 1.15 and 1.11 for two 
genetic instruments analyzed)

Abed et al. 
[10]

Effect of weight reduction and 
cardiometabolic risk factor 
management on symptom burden 
and severity in patients with atrial 
fibrillation – a randomized 
clinical trial

Randomized 
controlled study, 
n = 150

Obese patients with symptomatic AF 
randomized to prescription of either a 
weight-management program or general 
lifestyle advice. Weight loss with a 
prescribed weight-management program 
resulted in significant reduction in AF 
burden and improvement in symptoms

Pathak et al. 
[11]

Long-term effect of goal-directed 
weight management in an atrial 
fibrillation cohort, a long-term 
follow-up study (LEGACY)

Observational 
cohort, n = 355

10% weight loss resulted in a six-fold 
increase in arrhythmia-free survival at 
5 years. Weight fluctuation >5% led to 
two-fold increase in risk of arrhythmia 
recurrence

Middeldorp 
et al. [12]

PREVEntion and regressive effect 
of weight loss and risk factor 
modification on atrial fibrillation: 
REVERSE-AF study

Observational 
cohort, n = 355

Subanalysis of the LEGACY study. Weight 
loss associated with reduction in AF disease 
progression. Three percent progressed from 
paroxysmal to persistent AF and 88% 
reversed from persistent to paroxysmal or no 
AF at follow-up with 10% weight reduction, 
compared to 41% progression from 
paroxysmal to persistent AF and 26% 
reversal from persistent to paroxysmal in 
those without significant weight loss

BMI Body mass index, AF atrial fibrillation, HR hazard ratio, LEGACY Long-Term Effect of Goal-Directed Weight 
Management on Atrial Fibrillation Cohort: a 5-Year follow-up
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the plausibility of obesity management for those 
at risk for AF.

 Mechanisms Linking Obesity and AF

Obesity may result in a wide range of struc-
tural, hemodynamic, and electrophysiological 
changes that promote the development and per-
sistence of AF.  In a sheep obesity model, sus-
tained obesity resulted in bi-atrial enlargement 
with diastolic dysfunction, increased profi-
brotic transforming growth factor (TGF)-beta-1 
expression, and increased interstitial fibrosis 
and fatty infiltration of the atrial myocardium, 
which may contribute to dysrhythmia [16]. The 
myocytes of obese animals demonstrated 
slowed and heterogeneous conduction and 
increased complex fractionated electrograms, 
resulting in a higher AF burden [16]. Another 
animal study showed an association of obesity 
with adverse remodeling of the left atrium, as 
demonstrated by an increase in left atrial vol-
ume with left atrial fibrosis, lipidosis, inflam-
matory infiltrates, and expression of profibrotic 
mediators all noted [17]. Electrical changes 
such as a decrease in conduction velocity and 
an increase in conduction heterogeneity were 
also observed, as well as an increase in induc-
ible and spontaneous AF in obese animals [17]. 
In a pig model, high-fat diet led to a reduction 
in pulmonary vein effective refractory period 
and an increase in AF vulnerability [18].

Epicardial fat associated with obesity may 
also be implicated in the pathogenesis of AF. In 
a study of patients undergoing cardiac computed 
tomography (CT), peri-atrial epicardial fat thick-
ness was found to be a significant predictor of 
AF burden (aOR 5.30, 95% CI 1.39–20.24, 
p = 0.015) [19]. Another study using cardiac CT 
similarly found an association between thick-
ness of epicardial fat and presence of AF, as well 
as AF severity [20]. Epicardial fat is a source of 
several proinflammatory mediators which may 
play a role in AF pathogenesis. In sheep atrial 
myocytes, the arrhythmogenic effect of epicar-
dial fat may be mediated by free fatty acids 
through disruption of T-tubule architecture and 

alteration of ionic currents to reduce action 
potential duration [21].

Finally, in addition to the independent role 
obesity may play in the pathogenesis of AF, some 
of the adverse effect may also be mediated by its 
association with other established AF risk factors 
such as diabetes, hypertension, and obstructive 
sleep apnea [4, 22].

 Obesity and Outcomes in AF

In addition to AF incidence, obesity is also asso-
ciated with AF progression. An observational 
study involving 1385 patients demonstrated an 
association between more severe obesity with 
progression of paroxysmal AF into permanent 
AF (aHR for BMI >40 kg/m2 1.79, 95% CI 1.13–
2.84) [23]. Furthermore, obesity may also be 
associated with failure of rhythm control. In a 
meta-analysis including 51 studies, a 5-kg/m2 
increase in BMI was associated with a 13% (OR 
1.13, 95% CI 1.06–1.22) greater excess risk of 
AF recurrence following AF ablation [11]. 
Similarly, in a secondary analysis of the AFFIRM 
trial (Atrial Fibrillation Follow-Up Investigation 
of Rhythm Management), higher BMI associated 
with a greater number of cardioversions (OR 
1.183 for 10  kg/m2 increase of BMI, 95% CI 
1.049–1.334, p = 0.006) and a higher likelihood 
of rhythm control failure at follow-up (OR 1.218 
for 10  kg/m2 increase of BMI, 95% CI 1.021–
1.452, p = 0.0283) [24].

Obesity may also lead to worse outcomes 
among patients with AF aside from its associa-
tion with AF burden. In an analysis of the 
Danish Diet, Cancer, and Health Study, the 
composite endpoint of ischemic stroke, throm-
boembolism, or death was found to be signifi-
cantly higher in overweight (HR 1.31, 95% CI 
1.09–1.56) and obese patients (HR 1.55, 95% 
CI 1.27–1.90) compared to those with normal 
weight [25]. Importantly, the study also found 
that the association remained significant after 
adjustment for CHA2DS2-VASc score (OR for 
overweight 1.31, 95% CI 1.10–1.56; OR for 
obese 1.36, 95% CI 1.11–1.65) [25]. For this 
reason, following AF diagnosis, comorbid obe-
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sity may have important implications affecting 
subsequent clinical outcomes.

 Weight Loss and AF

If obesity is associated with incident AF and 
subsequent clinical outcomes, can weight loss 
lead to an improvement in AF-related out-
comes? In the LEGACY study (Long-Term 
Effect of Goal- directed weight management on 
Atrial Fibrillation Cohort: a 5-Year follow-up), 
355 patients with AF and BMI >27 kg/m2 were 
offered a weight- management program with 
subsequent weight loss and AF recurrence 
assessed [11]. The authors found that a 10% 
weight loss resulted in a sixfold (95% CI 3.4–
10.3, p  <  0.001) increase in arrhythmia- free 
survival at 5 years. Furthermore, another analy-
sis of the LEGACY study demonstrated that 
degree of weight loss correlated with a reduc-
tion in AF progression [12]. Among subjects 
who achieved 10% weight reduction, only 3% 
progressed from paroxysmal to persistent AF 
while 88% reversed from persistent to paroxys-
mal or no AF at follow-up, compared to 41% 
progression from paroxysmal to persistent AF 
and 26% reversal from persistent to paroxysmal 
in those without significant weight loss [12]. 
Furthermore, weight loss may also improve the 
success of a rhythm control strategy in AF 
patients. In a study of 239 morbidly obese 
patients that underwent AF ablation, those that 
underwent bariatric surgery prior to ablation 
were found to have a lower risk of AF recur-
rence compared to those without (20% vs. 61%, 
p < 0.0001) [26]. There was also a significant 
reduction in the need for repeat ablation among 
those that underwent bariatric surgery prior to 
AF ablation (12% vs. 41%, p < 0.0001) [26]. In 
line with the findings of observational studies, 
Abed et  al. randomized obese patients with 
symptomatic AF to either a weight-manage-
ment program or general lifestyle advice [10]. 
Weight loss with a prescribed weight-manage-
ment program resulted in a significant reduc-
tion in AF burden and symptom improvement 
[10]. Hence, current evidence suggests a suc-

cessful improvement in AF-related outcomes 
with weight loss.

 Caffeine and Supraventricular 
Tachycardia

Caffeine is ubiquitously consumed around the 
world and is mostly widely consumed behavior-
ally active substance worldwide [27]. Caffeine is 
a stimulant that affects excitatory transmitter 
release via actions on adenosine receptors and 
commonly consumed in the forms of coffee, tea, 
chocolate, and energy drinks [27].

Mechanism of action of caffeine is via sym-
pathetic nervous system activation. Historically, 
practioners believed that high caffeine intake 
leads to palpitations and tachycardia. Hence, 
health-care providers commonly prescribed 
reductions in caffeine intake for patients suf-
fering from arrhythmias such as SVT [28]. In 
fact, prior American College of Cardiology/
American Heart Association/European Society 
of Cardiology guidelines on the management 
of supraventricular arrhythmias suggested that 
behavioral risk factors including excessive caf-
feine intake be reduced in patients with a history 
consistent with premature ectopic beats [29]. 
Yet, most studies analyzing the effect of caffeine 
on arrhythmia burden are largely negative.

In a population study involving 130,054 
patients, the association between coffee drinking 
and the risk of cardiac arrhythmia was analyzed 
[30]. The study found an inverse association 
between the amount of coffee intake and risk of 
hospitalization for SVT (aHR 0.63 for those >4 
cups/day, 95% CI 0.41–0.98, p < 0.05). Of note, 
the inverse relation of coffee drinking to 
arrhythmia- related hospitalization was found to 
be consistent across genders, races, and age 
groups [30]. Furthermore, in an analysis of the 
Cardiovascular Health Study, there was no statis-
tically significant difference in the number of 
SVT runs across different levels of caffeine prod-
uct intake (coffee, tea, or chocolate) [31]. Finally, 
in a study of patients with SVT undergoing elec-
trophysiologic study, patients were randomized 
to either receiving oral caffeine or placebo prior 
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to the procedure [32]. Caffeine intake was not 
found to significantly affect atrial/ventricular 
refractory period or AV node conduction. 
Caffeine intake also did not affect SVT inducibil-
ity or the cycle length of induced tachycardia 
[32]. Hence, despite common perceptions, stud-
ies do not suggest the presence of an association 
between caffeine intake and SVT.

 Dietary Electrolytes 
in the Management of Arrhythmia

Serum and intracellular electrolytes play central 
roles in the electrophysiologic environment of 
the myocardium, and electrolyte derangements 
can contribute to development of arrhythmia. 
Potassium and magnesium are most commonly 
implicated electrolytes, and they affect multiple 
physiologic parameters including the resting 
membrane potential, action potential, and refrac-
tory period duration [33, 34].

The effect of hypokalemia and hypomagnese-
mia on ventricular electrophysiology and arrhyth-
mogenesis is well characterized. Hypokalemia 
predisposes patients to ventricular tachycardia 
(VT), ventricular fibrillation (VF), and torsades 
de pointes, especially in the context of concurrent 
myocardial infarction or heart failure [34, 35]. 
Hypomagnesemia also predisposes patients to 
premature ventricular contraction, VT, and VF 
and plays a central role in the pathogenesis and in 
the acute management of patients with torsades 
de pointes [36–38].

On the other hand, the effect of hypokalemia 
and hypomagnesemia on atrial arrhythmias, 
including atrial fibrillation, is not well character-
ized. Studies have suggested an association of 
hypomagnesemia with risk of incident AF, with 
the majority of evidence in the context of cardiac 
surgery with mixed findings outside the postop-
erative setting [39–43]. Prophylactic magnesium, 
most often administered intravenously in studies, 
may be beneficial in reducing the incidence of 
postoperative AF following cardiac surgery [41–
43]. The effect of hypokalemia and potassium 
supplementation on the risk of AF is less clear 
with mixed findings [35, 44–46].

Nevertheless, despite the evidence of an asso-
ciation between serum electrolytes and arrhyth-
mia, much less is known about the role of dietary 
electrolytes. In an analysis of the ARIC 
(Atherosclerosis Risk in Communities) study, 
14,232 patients were followed for 12 years, and 
the serum levels of magnesium, amount of dietary 
magnesium, and incidence of sudden cardiac 
death (SCD) were analyzed [47]. The study found 
that subjects with the highest quartile of serum 
magnesium were at significantly lower risk of 
SCD (HR 0.62, 95% CI 0.42–0.93), most of 
which likely resulted from ventricular arrhyth-
mias. The association between serum magnesium 
and the risk of SCD persisted after adjustment for 
potential confounders. However, despite the 
association between serum magnesium and SCD, 
the study did not observe an association between 
dietary magnesium and SCD. Similarly, analysis 
of the data from the Women’s Health Initiative 
also did not find a statistically significant associa-
tion between dietary magnesium and the risk of 
SCD [48].

Studies exploring the role of dietary electro-
lyte intake and the incidence of AF is also scarce. 
In another analysis of the ARIC study, although 
serum hypomagnesemia was found to be associ-
ated with risk of AF, a similar association was 
again not found between dietary magnesium 
intake and AF [49]. A study of oral magnesium 
supplementation in patients with persistent AF 
with or without sotalol therapy did not demon-
strate a reduction in AF [50]. Hence, although 
evidence suggests the role of serum electrolyte 
intake and the development of arrhythmia, fur-
ther studies are needed to elucidate the effect of 
dietary electrolyte supplementation in the man-
agement of patients with arrhythmia.

 Conclusion

Diet is an important modifiable risk factor with 
multiple implications in the management of 
patients with arrhythmia. Studies have suggested 
association between obesity and incidence of AF, 
as well as its association with disease progression 
and worse outcomes. Given its high prevalence, 
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obesity may be a highly relevant clinical target 
that can be addressed to reduce the global disease 
burden of AF. While reduction of caffeine intake 
is a common recommendation made for patients 
suffering from palpitations, available evidence do 
not seem to suggest a clear association between 
caffeine intake and SVT. Although studies sug-
gest an association between serum electrolyte 
levels and the development of certain arrhyth-
mias, further studies are needed to elucidate the 
role of dietary electrolyte supplementation in the 
management of patients with arrhythmia.
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