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Abstract

Aging is the number one risk factor for the development of cardiovascular disease (CVD). Therefore, an evaluation
of therapies for the prevention of CVD should focus on factors that slow down aging, particularly cardiovascular
aging. There are various proposed mechanisms that advance cardiovascular age; in this review, we focus on
chronic inflammation, oxidative stress and epigenetics as the primary drivers of aging. Furthermore, we will
evaluate several dietary patterns on their impact on these aging mechanisms. The traditional "heart-healthy"
dietary patterns such as the Mediterranean diet, plant-based diet and intermittent fasting will be evaluated for their
performance to slow down the aforementioned aging mechanisms. The aim of this review will be to guide
practitioners and patients on the dietary components that can slow down the effects of aging to prevent CVD.
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INTRODUCTION

Aging can be characterized by a time-related decline of physiological function required for survival and/or
reproduction"’. Importantly, biological aging is intricately linked to the manifestation and sequelae of
cardiovascular disease (CVD), as age is the strongest determinant of CVD among known risk factors?. In
less than one decade, one in every five individuals will be at least 65 years of age and contribute to nearly
one half of all CVD events, while access to cost-effective preventive treatments and risk stratification tools
may remain a public health challenge'*”. Correspondingly, a suboptimal diet is the number one leading
cause of morbidity and mortality from noncommunicable diseases in the United States and worldwide'.

Thus, the continued promotion of a healthy diet to prevent the manifestation and sequelae of CVD should
be a priority to support optimal cardiovascular health throughout the life course.

There are many mechanisms by which the combination of a suboptimal diet and age can adversely
influence the cardiovascular system, most notably resulting in the development of atherosclerosis, decreased
arterial compliance, and diastolic dysfunction, all of which are associated with and/or may increase the risk
for myocardial infarction, stroke, and heart failure. For example, high adherence to a vegetarian diet is
associated with a 16% lower risk of incident CVD, 6 mmHg lower systolic blood pressure, and 77% lower
risk of diastolic dysfunction””. Many different mechanisms of aging are likely contributors to the interplay
of diet and CVD, including chronic inflammation, mitochondrial dysfunction, oxidative stress, and
epigenetics'
factors, such as dyslipidemia, hypertension, insulin resistance, and endothelial dysfunction, with CVD
events and mortality".

10,11

I All of these latter mechanisms may underly the pathophysiological connection of risk

Overall, the delay of cellular processes associated with aging and of the development of risk factors through
dietary approaches is a foundation for the prevention of CVD [Figure 1]. Many dietary patterns, including
the Mediterranean, dietary approaches to stop hypertension (DASH), vegetarian, and vegan, as well as
intermittent fasting, can be exceedingly beneficial to uniformly reduce CVD risk regardless of age, sex, and/
or ethnicity"”'*. In the present review, we summarize the recent evidence regarding the interplay of dietary
patterns, aging, and CVD risk. Through this process, we hope to highlight the importance of an optimal diet
for the promotion of cardiovascular health, across the cellular, clinical, and public health spectrums.

CHRONIC INFLAMMATION

The relationship between inflammation and cardiovascular disease is complex. There are several proposed
mechanisms at the cellular and molecular level that contribute to immune cell dysregulation, vascular
remodeling as well as endothelial and myocyte dysfunction [Figure 2]. These cellular mechanisms often
present as inflammatory phenotypes, including dyslipidemia, obesity, insulin resistance, and diabetes, which
contribute to hypertension, atherosclerosis, left ventricular dysfunction, and cardiovascular events such as
myocardial infarction or stroke.

Inflammation overview

The immune dysfunction associated with aging and inflammaging refers to a chronic state of inflammation
with elevated levels of phagocytic cells and increased secretion of inflammatory markers such as IL-1, IL-6,
IL-8, IL-13, IL-18, TNF-a, TNF-B, and CRP [Figure 3]. The specific stimuli responsible for this heightened
level of inflammation are variable but can be grossly categorized as external and internal stressors that one
experiences throughout life"”. External stressors include environmental exposures such as viral or bacterial
pathogens, particle pollution, physical activity, mental health, and dietary patterns>'*. Internal stimuli refer
to cell products resulting from cell turnover, cell damage, and metabolic dysfunction"”. Dietary patterns
serve as a bridge between internal and external factors, as dietary habits contribute to metabolic dysfunction
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Figure 1. Central illustration: the impact of “heart-healthy” dietary patterns on the components of cardiovascular aging.
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Figure 3. Mechanism of intravascular inflammation with infiltration of leukocytes and macrophages, secretion of cytokines, and
upregulation of CRP, leading to inflammatory feedback loop.

and lead to comorbidities such as dyslipidemia, insulin resistance, hypertension, and obesity that lead to a
chronic inflammatory state"”.

Cell turnover/damage

Cellular aging occurs when turnover processes, such as autophagy and apoptosis, are disrupted, leading to
misfolded proteins and other cellular debris that activate signaling pathways, including damage-associated
molecular patterns (DAMPs)"". This leads to degradation by phagocytes which secrete cytokines and
chemokines that recruit other lymphocytes, driving a chronic inflammatory response®". This
inflammatory response is directly related to cellular senescence and the senescence-associated secretory
phenotype (SASP), which is a state of cell cycle arrest due to mechanisms such as telomere shortening, DNA
damage, epigenetic modifications, and exposure to DAMPs. SASP is associated with atherosclerosis and

15,16,20]

heart failure! .

Senescence/SASP

SASP is a cellular mechanism that underscores the connection between microbiology and inflammatory
factors and cardiovascular disease, as it is directly associated with hypertension and atherosclerosis.
Senescence within endothelial cells, vascular smooth muscle cells, macrophages, and T-cells leads to
overexpression of cell cycle checkpoint proteins such as p16™*, p53, p21, and senescence-associated
B-galactosidase, leading to diminished cell division™ . Concurrently these cells have increased expression
of inflammatory cytokines such as IL-6, IL-8, TNF-qa, chemokines, proteases, matrix metalloproteinases
(MMPs), and growth factors such as VEGF and PDGF**”. A number of these biomarkers involved in the
SASP are pro-atherogenic and lead to cellular remodeling, plaque build-up and rupture®**.

Matrix metalloproteinases degrade the intercellular and extracellular matrix by cleaving proteins that
regulate structure and cell differentiation. This leads to cellular aging via intimal thickening and arterial
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stiffening, resulting in hypertension and atherosclerosis. MMPs can further increase arterial fibrosis and
atherosclerosis by activating TGF-b1° while reducing the expression of vasodilators'*”.

Other proinflammatory markers associated with SASP increase platelet reactivity and plaque instability".
Senescent cells within atherosclerotic plaque secrete chemokines including MMP-12, MMP-13, and IL-1a,
which cause degradation within the plaque while activating neighboring immune cells, increasing
inflammation and promoting further atherosclerosis”**. Given the significant impact of senescence and the
SASP on hypertension and atherosclerosis, studies such as the CANTOS trial have assessed the benefit of
using medical therapy to specifically target inflammatory pathways'..

Inflammatory phenotypes

Hyperlipidemia

Inflammatory cytokines are associated with common disease states that contribute to cardiovascular
inflammation and cellular aging. Hypercholesterolemia, specifically elevated levels of low-density
lipoproteins (LDL), creates a chronic inflammatory response that leads to atherosclerosis. When excess LDL
cholesterol circulates, it accumulates in the sub-endothelial layer of the arterial wall and becomes oxidized,
adhering to the endothelial cells. This leads to the recruitment of leukocytes and macrophages that invade
endothelial cells via ICAM-1 and VCAM-1. Macrophages then phagocytize oxidized LDL cholesterol and
are transformed into foam cells which secrete IL-1, IL-6, TNF-a, and other chemokines that upregulate
CRP!*"*** This inflammation ultimately creates a cycle in which vascular smooth muscle cells proliferate,

along with further lipid and foam cell accumulation, forming atherosclerotic plaque.

Obesity

The mechanism for chronic inflammation due to obesity is primarily driven by excess adipocytes. Adipose
tissue produces inflammatory adipokines such as leptin, fatty acid-binding protein 4, and resistin, which
have been associated with cardiac hypertrophy, fibrosis, and atherosclerosis®”. Adipocytes can also secrete
IL-1b, IL-6, IFN-, and monocyte chemoattractant protein (MCP-1) which lead to recruitment of local and
systemic immune cells. These cells secrete molecules such as TNF-a, which contribute to systemic

16,32-34]

inflammation and impede insulin signaling pathways, leading to insulin resistance! .

When storage of this adipose tissue becomes dysregulated, hyperplasia and hypertrophy occur. This leads to
apoptosis and infiltration by macrophages, neutrophils, and lymphocytes which secrete IL-1, IL-6, and
TNF-a, contributing to upregulation of CRP****. This impaired adipogenesis leads to increased circulation
of free fatty acids and excess deposition of lipids which can negatively affect cardiac myocytes by altering the
structure and metabolic function of these cells, a concept known as lipotoxicity***. Excess free fatty acids
can contribute to systemic inflammation and impair insulin signal pathways, contributing to insulin

33,35]

resistance!

Diabetes & insulin resistance

Insulin resistance and diabetes are closely associated with obesity, contributing to proinflammatory states.
Hyperglycemia is classically associated with elevated levels of advanced glycation end products that
accumulate within blood vessels and contribute to atherosclerotic disease. Insulin resistance has been
associated with higher levels of prothrombotic molecules as well as an increase in ICAM-1 and VCAM-1,
suggesting it also increases the risk of thrombosis and atherosclerosis™.

Insulin resistance further contributes to hypertension by decreasing the release of nitric oxide from
endothelial cells and increasing smooth muscle proliferation®. Insulin resistance also decreases the activity
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of lipoprotein lipase and leads to an increase in free fatty acids as well as inflammatory molecules such as
IL-6 and TNF-a***. The increase in fatty acids can lead to lipotoxicity and metabolic dysfunction within

cardiac myocytes, impairing cellular function and contributing to cardiomyopathy”**”.

Dietary patterns and inflammation

Recent studies have focused on the impact of different dietary patterns on inflammation as well as
cardiovascular outcomes. The following discussion will review the effect of the Mediterranean dietary
pattern, plant-based dietary patterns, as well as intermittent fasting on inflammatory factors,
proinflammatory conditions, and cardiovascular disease [Table 1].

Mediterranean dietary pattern

The Mediterranean dietary pattern (MDP) consists of vegetables, fruits, low-fat dairy products, beans, nuts,
olive oil, lean protein, and whole grains. In a recent meta-analysis, 13 studies between 2006 and 2019
involving more than 11,500 participants were analyzed to assess the effect of a MDP on inflammatory
markers in adults®®. The effect of dietary patterns on CRP, IL-6, TNF-a, IL-1b, IL-2, IL-18, IL-22, IL-23,
MCP-1, ICAM-1, and VCAM-1 were evaluated. The results demonstrated a decrease in inflammatory
markers associated with the MDP. There was strong evidence to suggest decreases in CRP (SMD = -0.26;
95%CI: -0.41, -0.11; P < 0.001) as well as a decrease in IL-6, TNF-a, IL-8, and MCP-1"¢.,

These benefits were attributed to the high consumption of monounsaturated fatty acids and polyphenols as
well as high concentrations of long-chain n-3 fatty acids, which possess anti-inflammatory properties and
can inhibit the expression of inflammatory molecules such as COX-2. Additionally, nuts and legumes have
elevated levels of phytochemicals and dietary fiber, which can decrease CRP and other cytokines. A
proposed mechanism for this reduction in inflammation is an antioxidant effect that suppresses the
production of ROS and leads to decreased production of cytokines. Overall, this meta-analysis underscores
the anti-inflammatory properties of the MDP by providing evidence of a decrease in CRP as well as other
inflammatory molecules"®.

Another proposed mechanism for the beneficial impact of MDP on inflammation suggests direct
attenuation of immune cell pathways by decreasing the level of circulating immune cells and modulating
adhesion, reducing the risk of endothelial dysfunction™. This hypothesis was illustrated in a RCT that
followed 106 individuals and noted significant decreases in proinflammatory factors such as CD40 and
adhesion molecules such as ICAM-1 in the MDP group (P < 0.05)". Another large study of 14,586
individuals cited a link between cardiovascular disease risk and white blood cell count as well as platelet
count, which were inversely correlated with adherence to the MDP (P = 0.008 and P < 0.0001,
respectively)*. Components of olive oil such as oleocanthal and alperujo may also decrease platelet
adhesion, providing significant anti-inflammatory and cardioprotective properties™.

It is further suggested that following a MDP can alter the microbiota of the gut, leading to lower levels of
cholesterol and increased short-chain fatty acids that contribute to reduced cardiovascular risk'**. There
are ongoing investigations to determine the exact mechanisms by which dietary patterns such as MDP have
a dynamic and beneficial effect on gastrointestinal flora composition. One proposed hypothesis suggests
that MDP may select against bacteria that utilize simple sugars and oligosaccharides while promoting the

42,44]

growth of bacteria that utilize polyphenols, polysaccharides, and soluble fibers"***".

Given the reduction in inflammatory factors and risk of atherosclerosis, studies have further sought to
quantify the effect of MDP on major adverse cardiac events (MACE). The PREDIMED trial noted a relative
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Table 1. Primary effects of dietary patterns on inflammation

Diet Mediterranean diet Plant-based dietary pattern Intermittent fasting
Primary effect on |CRP, IL-8, IL-6, TNF-a, MCP-1 | CRP LCRP, IL-6
inflammatory
markers
Proposed e High in anti-inflammatory e High in anti-inflammatory e Highly effective for weight loss
mechanisms polyphenols and long-chain fatty nutrients, polyphenols, and long- ® Increased release of adiponectin, with
acids chain fatty acids vasorelaxant effect and decreased adhesion of
® Direct attenuation of immune  ® Decreased exposure to monocytes to endothelial cells
cell pathways proinflammatory metabolites of e Improved insulin sensitivity
® Anti - platelet effects animal products
o Alteration of Gl flora
Limitations o Difficult to standardize across e Difficult to standardize across e Different temporal fasting patterns
trials trials o Lack of dietary guidance
e Can increase the risk of nutrient @ Long-term sustainability
deficiency

decrease in the risk of major cardiac events such as myocardial infarction, stroke, and death from heart
disease by 30% in the MDP supplemented with olive oil or tree nuts when compared to the control
group!?. In another trial, 605 individuals who previously suffered a myocardial infarction consumed either
MDP or a Western diet for 4 years. The group following a MDP had significantly fewer cardiac deaths,
cardiovascular events, and hospitalizations"*?. Moreover, the REGARDS trial showed a trend toward lower
risk of SCD in a large sample of individuals who followed a Mediterranean diet when compared to other
dietary patterns'*’

This data is promising and suggests that the MDP decreases the level of inflammatory modulators that
contribute to hypertension and atherosclerosis. The mechanisms for this anti-inflammatory effect are most
likely due to increased consumption of polyphenols and long-chain fatty acids, direct attenuation of
immune cell pathways, anti-platelet effects, and alteration of GI flora. The above studies underscore the
culmination of this anti-inflammatory effect, with a decrease in molecules such as CRP, IL-6, TNF-a, IL-8,
and MCP-1 that are associated with atherosclerotic disease. In addition to these microbiological effects,
there is substantial evidence to support the benefits of the MDP on inflammatory conditions such as
hypertension, hyperlipidemia, and diabetes mellitus, which can lead to improved cardiovascular
outcomes' ",

Plant-based dietary patterns

The plant-based dietary pattern (PBP), which includes vegan and vegetarian diets, are nutrient-rich dietary
patterns that have been shown to improve risk factors for cardiovascular disease”. There are ongoing
investigations to determine the exact mechanisms by which this dietary pattern impacts inflammation and
cardiovascular disease. Current theories suggest that PBP provides high levels of antioxidants, decreased
inflammatory molecules, reduced cholesterol levels, and improved insulin sensitivity.

Recent studies assessed the relationship between PBP and inflammatory markers associated with
cardiovascular aging. A cross-sectional study published in Nature sought to define the relationship between
these markers and PBP*?. A study in Nature evaluated 36 participants in the PBP group compared to 36
individuals in the omnivorous diet group, who were between the ages of 30 and 60 years without evidence
of cancer, diabetes, or cardiovascular disease. There were no significant differences in CRP, ICAM-1, IL18,
or IL-1 between the two groups in the short term. However, in “long-time” consumers of PBP, diet
adherence for at least 4.8 years was associated with a decrease in the CRP level*”. This was consistent with a
prior review that demonstrated lower CRP concentrations in individuals who followed a PBP for at least
two years™.. A meta-analysis performed shortly after these studies reviewed 1073 publications and 21 cross-
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sectional studies to compare various inflammatory markers between individuals following a PBP and
omnivorous diet. Results demonstrated lower levels of CRP in individuals following a PBP (-0.54 mg/L,
P <0.0001 in vegans; -0.25 mg/L, P = 0.05) compared to omnivores; however, there was no difference noted
for other inflammatory biomarkers®*. Although the reduction in CRP is suggestive of an anti-inflammatory
effect, the results remain enigmatic, as the antioxidant-rich diet was hypothesized to have stronger
associations with other inflammatory markers.

PBP can reduce inflammation via high levels of antioxidants; however, this dietary pattern also excludes
harmful metabolic compounds from animal products. One example of a harmful molecule associated with
animal products, specifically red meat, is trimethylamine N-oxide (TMAQ), a derivative of carnitine.
TMAO is associated with inflammatory cytokines and adhesion molecules, as well as atherosclerosis and
heart failure. Prior studies documenting the cardioprotective benefit of a PBP have documented lower levels
of TMAO production. There are also studies suggesting that a typical Western diet high in carbohydrates
and fats derived from animals can lead to inflammation via increased oxidative stress and reactive oxygen
species (ROS)". The increase in ROS and decrease in nitric oxide production over time can lead to a
chronic inflammatory state that contributes to endothelial dysfunction, hypertension, and
atherosclerosis. In fact, many animal-derived food products incorporated into the Western diet have
higher levels of catalytic molecules such as iron, myoglobin, and hemoglobin, which over time can lead to
cholesterol accumulation in vascular smooth muscle via lipid peroxidation, contributing to
atherosclerosis™. In contrast, PBP has high levels of phenol-type compounds, typically derived from fruits
and vegetables, which can neutralize oxidative anions and lipid peroxides while also binding ions such as
iron or copper, diminishing the oxidative effect of these compounds””. Flavonoids are one example of these
compounds, decreasing the production of ROS while reducing the level of lipid hydroperoxides™'. By
decreasing the level of lipid oxidation, these compounds may decrease the risk of cardiovascular disease.

[55

Other well-known antioxidants that are prominent in PBP are carotenoids and vitamin A, which protect the
retina and optic nerve from ROS. Lycopene is a carotenoid that can increase the antioxidant property of
HDL, decreasing the risk of stress to endothelial cells*”. Vitamin C also acts as an anti-inflammatory
molecule by donating electrons and neutralizing superoxide radicals as well as hydrogen peroxide. Studies
have shown an association between vitamin C consumption and improved blood pressure and endothelial
function”.

PBP does appear to decrease levels of inflammatory molecules such as CRP. This is likely a result of
increased consumption of anti-inflammatory nutrients as well as decreased exposure to inflammatory,
catalytic molecules derived from processed carbohydrates and animal products that lead to increased
inflammation and oxidate stress. This anti-inflammatory effect appears to be stronger over a long-term
duration. However, there is a need for additional clinical studies to better understand the effect on other
inflammatory cytokines.

Intermittent fasting

Intermittent fasting (IF) refers to a dietary pattern that involves consuming fewer calories on certain days of
the week (alternate day fasting, ADF) or during specific times throughout the day (time-restricted eating,
TRE). In ADF, individuals may consume fewer calories on some days, followed by more liberal
consumption on other days. In TRE, individuals typically consume food during an 8, 12, or 16-h window, as

this is believed to be metabolically advantageous'™®.
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There have been recent studies to investigate the effect of IF on inflammatory markers classically associated
with atherosclerosis, such as CRP and IL-6. One study examined these inflammatory biomarkers in 40
participants who were fasting during Ramadan, from sunrise until sunset, and compared them to 28 non-
fasting control participants. Blood draws were performed one week prior and 3 weeks after Ramadan. The
results showed a significant decrease in IL-6 and CRP (P < 0.001)*". An RCT of 32 participants following
ADF for 12 weeks demonstrated a 13%-17% reduction in CRP compared to controls®’. A meta-analysis of
18 RCTs analyzing the reduction in CRP among IF and energy-restricted diets compared to controls also
showed a significant reduction in the weighted mean difference, with IF being superior to an energy-
restricted diet'*".

A relevant biomarker of IF is adiponectin, an anti-inflammatory plasma protein produced by adipocytes
that has a cardioprotective effect by decreasing the adhesion of monocytes to endothelial cells"”. One
proposed mechanism for this is via inhibition of VCAM-1, endothelial-leukocyte adhesion molecule 1
(ELAM-1), and ICAM-1 on endothelial cells"”. Adiponectin is also thought to have antioxidant and
vasorelaxant qualities”. Low adiponectin levels have been observed in insulin resistance and
atherosclerosis"™”. Two recent studies have shown significant increases in adiponectin associated with IF.
One study followed 32 participants who were randomly assigned to ADF or a control group and noted an
increase in plasma adiponectin (6 + 10%, P < 0.01) along with a significant decrease in CRP (13 + 17%,
P < 0.05) in the ADF group”. Another study following 70 men with type 2 diabetes during Ramadan noted
a significant increase in adiponectin levels (P < 0.001) along with improved insulin sensitivity'”. These
studies are supported by a systematic review which found that an IF approach significantly increased
adiponectin while also improving BMI, blood glucose level, and insulin resistance!®. These studies support
the idea that this dietary pattern can provide anti-inflammatory effects by increasing adiponectin and

improving insulin sensitivity, which could potentially improve cardiovascular outcomes">* ).

Overall, intermittent fasting appears to reduce inflammation and oxidative stress, portending improvement
in inflammatory phenotypes such as hypertension, obesity, insulin resistance, and hyperlipidemia. Despite
this promising evidence, there remains a need for additional large RCTs to assess the long-term impact of IF
on inflammation as it pertains to cardiovascular risk!**.

Intermediate endpoints
It is important to consider intermediate endpoints associated with the molecular mechanisms of
cardiovascular aging. While there is limited data directly comparing the three dietary patterns discussed,
there is literature available to assess the effects of these dietary patterns on arterial stiffness, blood pressure,
and diastolic dysfunction.

There are several studies that demonstrate a decrease in arterial stiffness with higher compliance to MDP,
PBP, or IF"*). However, the design of the studies is heterogenous, making it difficult to create a direct
comparison among the dietary patterns.

Similarly, there have been studies assessing the impact of these three dietary patterns on left ventricular
systolic and diastolic function. One cross-sectional study showed that higher levels of adherence to the
MDP can lead to improved LV structure and function compared to lower adherence™. A RCT completed
during the PREDIMED trial revealed decreased levels of N-terminal pro-brain natriuretic peptide compared
to low-fat diets, which may also suggest improvement in diastolic function”. A different cross-sectional
study of 133 individuals over the age of 60 noted a lower prevalence of diastolic dysfunction in individuals
who adhered to a PBP compared to a non-PBP". There are limited studies on the effect of IF on left
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ventricular function; however, animal studies suggest it could improve systolic function and decrease left

[73]

ventricular remodeling

Meta-analyses have also revealed modest improvement in systolic and diastolic blood pressure in patients
following a PBP, with one study noting an average decrease in systolic blood pressure of 2.66 mmHg and
1.69 mmHg decrease in diastolic blood pressure™. A comparative study showed a larger decrease in systolic
and diastolic blood pressure in the Mediterranean diet group (-9.3 and -7.3 mmHg, respectively) compared
to the PBP group (-3.4 and -4.1 mmHg)". A separate study followed 1422 individuals who adhered to IF
for one year and found that the average systolic blood pressure decreased from 131.6 mmHg to 120.7
(P < 0.001), and the average diastolic blood pressure decreased from 83.7 to 77.9 (P < 0.001)".

This data suggests that all three dietary patterns may have a beneficial effect on these intermediate
endpoints. It further suggests that MDP and IF may provide a larger decrease in blood pressure when
compared to PBP. However, there are fewer data available directly comparing the effect of these dietary
patterns on arterial stiffness and diastolic dysfunction. Moreover, the indices used to compare these two
endpoints are variable, which further complicates a comparative analysis. This could provide a basis for
future research trials, as more RCTs directly comparing the effect of these dietary patterns on arterial
stiffness and diastolic dysfunction may provide valuable insight.

Conclusion

The MDP, PBP, and IF approaches all have favorable anti-inflammatory profiles. This is significant, as
many of these inflammatory markers can be connected to inflammatory disease processes. The specific
mechanisms by which these dietary patterns provide anti-inflammatory effects may be different and the
amount of data available differs among the dietary regimens. There is also limited data that directly
compare the anti-inflammatory effect among these dietary patterns. Although further studies should be
performed to compare these dietary patterns, the available evidence can be used to compare these dietary
regimens and provide an overall assessment regarding their efficacy.

Of the three approaches evaluated, the MDP appears to have the strongest body of evidence favoring its
anti-inflammatory and cardioprotective effects. There are a greater number of large RCTs available to assess
the effect of the MDP on various inflammatory markers compared to other dietary patterns. Moreover, the
MDP was associated with decreases in several major inflammatory markers associated with inflammaging,
including but not limited to CRP, IL-6, and TNF-a. By comparison, the PBP appears to have strong
evidence favoring a reduction in CRP over long-term follow-up but has less effect on other markers despite
its nutrient-rich, antioxidant properties. Similarly, the IF approach does not appear to impact as many
inflammatory markers. The MDP also appears to reduce inflammation via multiple mechanisms, which
may provide a more robust anti-inflammatory effect in comparison to the other two patterns. One such
mechanism is shared between the PBP and MDP, as both emphasize the consumption of fruits, vegetables,
legumes, nuts, and whole grains, providing high levels of antioxidant compounds such as phenols and
flavonoids.

While all three dietary strategies appear to have significant anti-inflammatory properties, there is strong
evidence to suggest that the MDP provides a more robust reduction in inflammation and oxidative stress,
likely contributing to the improvement in inflammatory states that are associated with cardiovascular
diseases such as hypertension, obesity, insulin resistance, and hyperlipidemia. This supports the idea that
the anti-inflammatory qualities of the MDP may reduce the risk of cardiovascular disease outcomes.
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OXIDATIVE STRESS

Oxidative stress refers to the imbalance between production and neutralization or elimination of reactive
oxygen species (ROS). ROS include both free radicals and molecules that have the potential to become free
radicals. Free radicals are molecules that contain unpaired electrons in their outer orbit, rendering them
unstable and prone to react with other molecules by exchange of electrons. Non-free radical ROS can be
reduced to form free radicals. Free radicals include superoxide, hydroxyl, peroxyl, hydroperoxyl and alkoxyl
radicals. Other species that can generate free radicals include hydrogen peroxide, hydroxide ions, and
peroxides'””. Exchanging electrons by free radicals alters the structure of important molecules, including
DNA, proteins, and lipids”. Some ROS-induced changes are necessary for certain biological processes,
such as signaling. However, they can also cause damage to these molecules, which ultimately can
accumulate and lead to further cellular damage”*".

The primary location of ROS generation is the mitochondria, by electron leakage from the electron
transport chain (ETC). This occurs when NADH or FADH donate electrons to oxygen or water, producing
hydrogen peroxide or superoxide'™**. However, additional processes in the cell can generate ROS, including
B-oxidation of fatty acids, which produces hydrogen peroxide that occurs in the peroxisome'®..

Oxidative stress has been linked to the central mechanisms of cardiovascular aging, including
atherosclerosis, diastolic dysfunction and decreased arterial compliance/endothelial dysfunction. The most
common risk factors for cardiovascular disease- smoking, diabetes, hyperlipidemia, and hypertension- have
all been associated with increased levels of oxidative stress'***”..

Endothelial dysfunction has been linked to oxidative stress in multiple studies; oxidative stress contributes
to endothelial dysfunction by negatively impacting flow-mediated vasodilation in elderly patients™. Higher
levels of ROS in elderly patients were associated with measures of endothelial dysfunction™'. Oxidative
stress also leads to decreased bioavailability of nitric oxide, a key molecule in endothelial function™'.

Oxidative stress is also involved in the pathogenesis of atherosclerosis. Oxidized LDL (ox-LDL) is both a
product of and an accelerator of oxidative stress; it is formed when LDL becomes oxidized and has been
shown to impair the antioxidant properties of cells”’. Increased oxidative stress activates signaling
molecules that facilitate the uptake of ox-LDL to form foam cells, ultimately causing endothelial damage
and inciting atherosclerotic changes®”. Ox-LDL is also associated with higher degrees of arterial stiffness,
independent of other traditional risk factors®”. Decreased antioxidant systems in arterial walls have also

been shown to accelerate atherogenesis**.

Oxidative stress has been implicated in the development of myocardial dysfunction associated with heart
failure. ROS impair excitation-coupling, leading to dysfunction in myocyte contractility’”. Mitochondrial
ROS have also been shown to contribute to cardiac fibrosis and hypertrophy”®. Oxidative stress has also
been linked to the dysfunction of calcium transport in the sarcoplasmic reticulum of myocytes, leading to
impaired relaxation through increased myofilament sensitivity to calcium®*"". Diastolic dysfunction is also

associated with endothelial dysfunction related to oxidative stress, as described above!*.

Dietary patterns exert their effects on cardiovascular aging in part through the modulation of levels of
oxidative stress. The relationship between dietary patterns and oxidative stress has been defined through
numerous human studies, while the mechanisms of this relationship have been elucidated mainly through
animal models. The most studied dietary patterns include calorie restriction (CR), the Mediterranean
dietary pattern (MDP), and western (high fat, high carbohydrate) diets; however, there have been an
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increasing number of studies investigating intermittent fasting (IF).

Dietary impact on oxidative stress
The main mechanisms by which dietary patterns lead to changes in levels of oxidative stress include
enhanced mitochondrial efficiency, decreased ROS, and the antioxidant system [Figure 4].

Mitochondrial efficiency refers to maintaining mitochondrial function and ATP production while reducing
levels of ROS produced and oxygen consumed. This occurs mainly through improvements in the electron
transport chain (ETC) and through mitochondrial biogenesis, the process of generating new
mitochondria"®. PGC-1 alpha is a transcription factor that regulates mitochondrial biogenesis.

As mentioned above, ROS can be generated as byproducts of most metabolic processes in many cellular
locations. The most studied process relevant to dietary effects of oxidative stress is oxidative
phosphorylation of sugars and B-oxidation of free fatty acids. These produce the most studied ROS relevant
to dietary patterns and aging, hydrogen peroxide and superoxide.

The antioxidants discussed in this review refer to molecules that catalyze the neutralization of ROS or
protect structures against oxidation. The concentration of antioxidants is known to decrease with age"".
The main antioxidant enzymes that are impacted by dietary patterns include manganese superoxide
dismutase (MnSOD), catalase (CAT), glutathione peroxidase (GPx), superoxide dismutase (SOD),
coenzyme Q (CoQ), quinone oxido-reductase (NQO), and NADH b5 reductase (CYB5R). The latter three
also serve to protect membranes against oxidation which generates ROS"*.

Calorie restriction

Calorie restriction (CR) improves mitochondrial efficiency by improving the efficiency of the ETC. In
numerous studies, CR has been shown to reduce proton leak from the ETC, thus reducing generation of
ROS" . Long-term CR decreased the number of free radicals produced per unit of electron flow"*. One
study found this phenomenon occurred through lowering membrane potential, leading to reduced oxygen
consumption and fewer ROS while maintaining the same levels of ATP production"*”. CR was also shown
to attenuate the age-related decline in quality and quantity of ETC complexes, I-1V and citrate synthase"""’.

Mitochondrial efficiency is also improved through mitochondrial biogenesis. CR attenuates the age-related
decline in mitochondrial biogenesis through multiple pathways: (1) increase in peroxisome proliferator-
activated receptor- coactivator (PGC1-alpha) gene activity that acts through the enzyme SIRT-1 to induce
mitochondrial biogenesis, a finding which has been corroborated in humans; and (2) through increased
endothelial NOS expression which also induces creation of new mitochondria™" "),

CR also reduces production of free radicals and their damaging effects. CR decreased the amount of free
radicals produced by the ETC per unit of electron flow"”
bioactivity of superoxides, as well as decrease the activity of a major producer of superoxide ions, NADPH
oxidase'""*. CR also alters membrane lipid composition such that they are less susceptible to peroxidation by
ROS™.

I.CR has also been shown to decrease the

Finally, CR increases antioxidant systems, such as MnSOD""*\. In another study, CR was associated with less
age-related decline in superoxide dismutase, CAT and GPx in mouse livers'..
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Figure 4. Mechanism of dietary impact on oxidative stress and CV aging.

Overall, these mechanisms are supported by trials in humans that demonstrated CR reduced markers of
elevated oxidative stress, namely F2-isoprostanes and advanced oxidation protein products (AOPP). The
CALERIE 2 trial demonstrated that 2 years of CR reduced levels of F2-isoprostanes**"'”. Another study
showed reduced levels of AOPP in young overweight women"'*..

While there is robust evidence for oxidative stress in CR, it may not be a feasible long-term dietary strategy
due to difficulty with adherence. IF has emerged as an alternative strategy that may have similar benefits.

Intermittent fasting

Intermittent fasting (IF) has fewer studies elucidating the impact on oxidative stress. Some evidence has
shown potential favorable effects by reducing ROS and increasing antioxidant systems. When modeled via
every other day feeding in mice, IF increased levels of CoQ, NQO, and CYB5R"". IF has also been shown to
induce SIRT-1 activity which upregulates antioxidant enzymes"*. In a mouse model, IF reduced markers of
oxidative stress in mouse hearts"*”. In humans, IF decreased AOPP in young overweight women'"".

Another study in overweight adults with asthma showed IF led to decreases in other markers of oxidative
stress (8-isoprostane, nitrotyrosine, protein carbonyls and 4-hydroxynonel adducts)"”". 8-isoprostane, a
marker of oxidative stress to lipids, was reduced in TRE"*. A study in adults with metabolic syndrome
found a reduction in malondialdehyde, another marker of oxidative stress"*”. In another study, this effect
persisted, independent of the amount of weight lost"*". These early studies have shown promising effects of
IF on reducing oxidative stress, but more data are needed to fully elucidate and support the beneficial effects
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of this dietary pattern.

Mediterranean dietary pattern

The Mediterranean dietary pattern (MDP) has been shown to decrease oxidative stress through an increase
in antioxidant systems, reduction in ROS production, and mitochondrial biogenesis. The effects of the MDP
on oxidative stress have mainly focused on the individual components central to this dietary pattern, such as
nuts, oils, and vegetables.
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Two components found in abundance in the MDP, oleic acid in olive oil and nuts and spermidine, or wheat
germ, both increased mitochondrial efficiency. Oleic acid increased mitochondrial biogenesis by
upregulating PGC1-alpha gene and SIRT-1"*. Spermidine was found to increase mitochondrial
turnover!**.

MDP has also been shown to decrease ROS production in human subjects*****. Phenols, found in olive oil,
have been shown to inhibit LDL oxidation, thus reducing ROS production"*!. Multiple studies have also
found that the addition of unsaturated fats can protect against the oxidating effects of a high-fat diet
(HED)!'>°]_ The MDP was found to decrease LDL oxidation, a source of ROS and a contributor to
atherosclerosis in the PREDIMED study!*".

Numerous components in the MDP have also demonstrated antioxidant properties. Brazil nuts increased
GPx activity*”. Tomato juice also increases the activity of three other enzymes: superoxide dismutase, GPx,
and CAT"”\. Nuts, fruits, and vegetables present in the MDP also supply the antioxidant CoQ"**. Phenols
were also shown to have antioxidant properties by scavenging free radicals"*'. Other dietary compounds
abundant in the MDP, such as pomegranate juice, grapes and rice bran oil, have been shown to increase
total plasma antioxidant capacity, a measure of the amount of antioxidant neutralization"**"*¥, Total plasma
antioxidant capacity has also been linked to a reduction in LDL and triglycerides in these same studies.

These data support reduction in oxidative stress as a main mechanism in attenuation of cardiovascular
aging by the MDP. This differs from other dietary patterns described as the effects are exerted by individual
dietary components rather than a distinct homogenous pattern. It is important to note that there is data
supporting the reduction in oxidative stress by the pattern as a whole rather than the sum of its parts'*.

Western dietary pattern

The western dietary pattern is high in saturated fats, calories, and refined sugars. This leads to an increase in
oxidative stress that has been demonstrated to accelerate the processes of cardiovascular aging. The western
dietary pattern mainly leads to an increase in ROS generation but has also been shown to affect
mitochondrial efficiency and antioxidant systems. Excess fat consumption leads to increased p-oxidation of
free fatty acids, a major source of ROS". HFDs also have higher rates of lipid peroxidation by ROS"*.

Saturated fats, abundant in the western dietary pattern, downregulate ROS scavenger molecules and induce
ROS generation. While natural aging leads to a decline in mitochondrial biogenesis, high fat, high calorie
western dietary pattern leads to an accelerated deterioration in this process*”. Overall, the western dietary
pattern provides a contrast to the dietary patterns described above, increasing levels of oxidative stress by
reversing the mechanisms described above.

Conclusion

Dietary patterns cause alterations in levels of oxidative stress, ultimately leading to differing effects on
cardiovascular aging. Increased oxidative stress has been shown to lead to accelerated atherosclerosis,
endothelial dysfunction, increased arterial stiffness, and diastolic dysfunction. CR, IF, and the MDP have all
been shown to decrease levels of oxidative stress, while the western dietary pattern increases levels of
oxidative stress. Both the MDP and CR have been extensively studied and have significant support for their
effects on reducing oxidative stress. Research on IF is scarce, but some studies have demonstrated promise
towards the improvement of oxidative stress in humans, although it is unclear if this is the main mechanism
of its benefit.
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EPIGENETICS

Epigenetics refers to the modification of the genome and gene expression without alteration of the genetic
code itself. Common examples of epigenetic modifications include DNA methylation, histone modification
and non-coding RNAs such as microRNA (miRNA). These epigenetic alterations play an important role in
facilitating differences between the genome and phenotypic expression and are influenced by environmental
factors such as aging, diet and exercise"*”. Maternal diet and nutrient supplementation can lead to direct
epigenetic changes in offspring predisposing to cardiovascular risk factors and disease!"*"'*”. Epigenetic
changes have been shown to play a significant role in components of cardiovascular aging, including
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atherosclerosis, cardiac hypertrophy and decreased vascular compliance* . This section will further
characterize the impact of epigenetic modifications on cardiovascular aging. In addition, we will examine

the effect of specific dietary patterns on epigenetics in the setting of cardiovascular disease.

DNA methylation

DNA methylation is the most well-studied epigenetic modification in human disease. In humans, this
modification most commonly occurs at 5th position carbon in a cytosine at cytosine-guanosine
dinucleotides (CpG) and is facilitated by DNA methyltransferases (DNMT)"*.. DNA hypermethylation is
typically associated with the repression of gene expression in CpG-rich gene promoters. DNA methylation
also occurs in gene bodies, where it likely plays a role in alternative splicing of exons and variable gene
expression"*. DNMTs catalyze the methylation of specific genes and maintenance of DNA methylation
within newly replicated DNA. DNA demethylation can also occur within the genome, either through the
failure of methylation in replicated DNA or the oxidation of 5-methylcystosine to 5-hydroxymethylcytosine
by ten-eleven translocation enzymes (TET)"*'*"). Both DNA hyper and hypomethylation play roles in
human disease. Hypermethylation leads to decreased expression of essential protective genes, while
hypomethylation can lead to inappropriate gene expression and reveal abnormal transcription sites"*".

DNA methylation plays a role in both cardiovascular disease and aging. Several models have been created
that estimate age based on methylation patterns at specific DNA sites, known as “epigenetic age.” While
methylation patterns often correlate with chronological age, rapid progression of epigenetic age is associated
with many chronic conditions, including cardiovascular disease!*). DNA methylation plays an important
role in the regulation of atherosclerosis. Differential hyper and hypo-methylation is demonstrated at
numerous CpG sites when comparing healthy vascular tissue and atherosclerotic plaques. Genes affected
included several homeobox genes previously implicated in vascular diseases and TBX20, which was
associated with upregulation of PPAR-Y and endothelial protection"*. Chronic inflammation is involved in
development of atherosclerosis, and DNA methylation is associated with regulation of inflammatory signal
transduction pathways and expression of molecules such as TNF-a, IL-4, IL-6 and ICAM-1"****'*|_ DNA
methylation is altered in coronary artery disease (CAD), including in genes associated with lipid
metabolism"*. Variable methylation patterns have also been implicated in the pathogenesis of
dyslipidemia, with one study noting altered LDL and VLDL levels associated with altered methylation at
CpG sites within the carnitine palmitoyltransferase-1A gene**. Abnormal DNA methylation is also noted
to be linked to cardiac hypertrophy, with both catecholamines and elevated left ventricular pressure leading
to altered DNA methylation in cardiac tissue. Expression of both DNMTs and TETs are likely key
regulators in this process and have been shown to be implicated in the expression of genes implicated in
cardiac hypertrophy such as Myhe and Xirp2"*"*. Lastly, cardiac risk factors such as hypertension, elevated
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BMI, hyperlipidemia and insulin resistance lead to specific DNA methylation patterns with aging"*”.

Histone modification and chromatin remodeling
Histone proteins bind directly to DNA to form chromatin, the basic structure of DNA within the cell
nucleus. Chromatin is made up of individual nucleosomes, which are comprised of 147 DNA base pairs
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interacting with 8 histone proteins (2 each of H2A, H2B, H3 and H4)"**"*|. Histones can be directly
modified through mechanisms such as methylation, acetylation, phosphorylation, etc. These modifications
play a key role in altering the structure of chromatin and exposing DNA sites within the nucleosome for
replication, transcription and repair"*®. Histone methylation is facilitated by different histone
methyltransferases, either activating or suppressing a gene'*”. Histone acetylation is facilitated by histone
acetyltransferase (HAT), exposing nucleosomal DNA to cellular machinery and leading to gene expression.
This process is reversed through histone deacetylases (HDAC), and the balance of HAT and HDAC activity
is closely related to DNA transcription. Phosphorylation is another common histone modification

associated with both DNA expression and cellular repair mechanisms"**'** .

Post-translation histone modification plays a key role in differential gene expression in cardiovascular
aging. Alterations in histone deacetylation are related to the progression of atherosclerosis. Both HDAC
over-expression and under-expression are linked to atherosclerosis, suggesting that interactions between
histone acetylation and phenotypic expression are likely quite complex"*). Methylation of H3K4 is
associated with upregulation of numerous proinflammatory genes in macrophages, which play a key role in
development of atherosclerotic plaques. These changes are associated with upregulation of several
proinflammatory genes, such as TNF-a and IL-6"*"**"l. Conversely, trimethylation of H3K27 has an inverse
relationship with atherosclerosis in both human and murine models"*. HDACs play a key role in the
development of vascular hypertrophy and pathogenesis of hypertension, with one example being the
facilitation of vascular smooth muscle proliferation by interaction of GATA-binding factor 6 and
HDAC4"”. HDACs also play a key role in the pathogenesis of LV hypertrophy and impaired myocardial
relaxation, a process that was able to be lessened by a novel HDAC inhibitor in a murine model"*. SIRT
proteins associated with HDAC3 have been shown to have a protective effect and inhibit cardiac
hypertrophy"*!. The role of histone methylation in this setting is quite complex and can promote or inhibit
cardiac hypertrophy. Increased activity of JMJD2A, a demethylase of trimethylated H3K9, is associated with
cardiac hypertrophy in both human and mouse models"*. There is also evidence to suggest that additional
histone modifications such as phosphorylation play a key role in cardiac hypertrophy, but more research is
needed to characterize the mechanism of these changes"*".

Non-coding RNAs

Non-coding RNAs are products of transcribed DNA that do not encode proteins but play an essential role
in regulating DNA transcription and expression"*'*. Short non-coding RNAs are less than 200 base pairs,
of which the most well-studied is miRNA. MiRNAs are approximately 20 base pairs in length and work by
binding mRNA, leading to mRNA degradation and regulation of protein expression following transcription.
Other non-coding RNAs include long-noncoding RNA (IncRNA) and circular RNA (circRNA). LncRNAs
are typically greater than 200 base pairs in length and play complex roles in the regulation of chromatin,
mRNA, and interprotein interactions. CircRNAs are the product of mRNA splicing, created through the
joining of 5" and 3’ ends of exons to form a closed loop. CircRNA function is not completely understood but

is involved in the regulation of miRNAs"*>"*/,

Non-coding RNAs have been shown to be involved in the pathogenesis of cardiovascular disease, but their
specific mechanism of action in cardiovascular aging is poorly understood. Several miRNAs are
differentially expressed in atherosclerosis, leading to alteration in cellular pathways and endothelial, vascular
smooth muscle and macrophage dysfunction"*'**"”. miR-29 and miR-34a are upregulated in
atherosclerosis, with miRNA-34a being linked to SIRT and histone deacetylation"”’. On the other hand,
miR-24 has been shown to be protective against atherosclerosis through regulation of the CXCL12-CXCR4
axis"*. LncRNA and circRNA have also been shown to have implications in atherosclerosis through the
regulation of miRNAs and maintenance of vascular smooth muscle and endothelium"*'*>**. miRNAs also
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play a role in myocardial hypertrophy and have been shown to be involved in several signaling pathways
including thyroid hormone, IGF-1, TGF-B, calcineurin and NF-xB "**. MiR-21 and miR-22 play key roles in
fibroblast activity and cardiac hypertrophy"*'. Further, miR-34a is upregulated in cardiac aging and likely
involved in dysregulation of myocardial repair’*. Differential expression of IncRNAs has also been
implicated in cardiac hypertrophy through several different mechanisms"*. Much of the current literature
focuses on the relationships between non-coding RNA expression and presence of cardiovascular disease.
Additional studies are needed to characterize the specific mechanisms by which various non-coding RNAs
are expressed and subsequently lead to a specific cardiovascular phenotype.

Dietary patterns, nutriepigenetics and cardiovascular aging

Epigenetic factors play a role in the regulation of cellular processes and cardiovascular homeostasis.
Epigenetic changes are closely influenced by environmental and lifestyle factors. Nutriepigenetics describes
the complex interaction between dietary patterns and epigenetic modifications. Dietary patterns lead to
epigenetic change through several mechanisms, including alteration of cellular signaling in metabolic
pathways, as well as direct epigenetic modifications by bioactive compounds"”". With increasing evidence
examining the relationship between food, epigenetics and cardiovascular health, dietary patterns are an
important modifiable risk factor to help attenuate the effects of cardiovascular aging [Figure 5]. This section
will examine the impact of Western, Mediterranean and intermittent fasting diet patterns on epigenetic
changes and their relationship to cardiovascular aging.

Western dietary pattern

A western dietary pattern contains high dietary fat (HFD) content, which can contribute to several
epigenetic changes related to cardiovascular disease as seen in animal models. Increased DNA methylation
in mouse adipose tissue following 5-month exposure to HFD compared to standard diet led to an increase
in expression of DNA methyltransferase 3a and methyl-CpG-binding domain protein 3, suggesting these
proteins may be involved in increased DNA methylation following HFD"”. Ciccarone et al. showed
differential DNA methylation and hydroxymethylation as well as upregulation of Tet protein expression in
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murine cardiac tissue in response to a HFD"””. These changes were associated with upregulation of markers
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associated with cardiac hypertrophy'

The effects of a HFD are similarly shown to lead to differential DNA methylation in human models. A
5-day high-fat overfeeding diet led to changes in DNA methylation in 29% of CpG sites and 45% of genes
analyzed in a cohort of healthy young men. Further, these changes were only partially reversible after a
washout period of 6-8 weeks"”. Another RCT examined the effect of seven weeks of overfeeding with
polyunsaturated fat compared to saturated fat on DNA methylation in adipose tissue in healthy individuals
aged 20-38. Overall, the authors noted a significant increase in total DNA methylation in both overfeeding
diets and a correlation with increased body weight. Genes affected included TNF and ADIPOQ, which
encodes for adiponectin”. Both studies demonstrate that DNA methylation patterns are altered by HFD
within a short time and may represent an early sign of cardiovascular pathology prior to DNA expression or
phenotypic changes.

A HFD is also noted to have effects on both histone modification and non-coding RNA expression. A HFD
led to hypercitrullination of histone H3 in LDL receptor knockout mice, increasing neutrophilic adhesion to
vascular endothelium. Osaka et al. suggest that this process is likely related to vascular inflammation and
atherogenesis'””. A HFD increases histone deacetylation in mice via upregulation of HDAC3 and 6, which
leads to decreased expression of methionine sulfoxide reductase A (MsrA). This decrease in MsrA
expression leads to decreased homocysteine metabolism to H2S, leading to oxidative stress, vascular
inflammation and hypertension"””. An additional study in mice demonstrated cardiac hypertrophy and
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Figure 5. Mechanism of dietary effect on epigenetic modifications and cardiovascular aging.

differential miRNA expression in cardiac tissue, correlating with percentage of dietary fat and length of
HFD exposure!”.

Dietary salt has also been linked with nutriepigenetic changes related to cardiovascular aging, though there
are fewer data when compared to a HFD. Dasinger et al. demonstrate that the administration of a high salt
diet in a mouse model led to significant differential DNA methylation in both peripheral and renal T cells,
likely contributing to hypertension and cellular inflammation"”. Another murine model with SIRT3
knockout mice showed that SIRT3 plays a role in preventing hepatic inflammation, circulating
inflammatory markers and hypertension*!. SIRT3 was shown to be downregulated in response to high salt
diet vs control, suggesting a key link between histone deacetylation and the development of cardiovascular
disease in response to dietary sodium content. A high salt diet was also noted to cause differential
expression of miRNA related to pathways associated with cardiac fibrosis in mice following
nephrectomy!*'.

Studies in humans have focused on salt reduction but provide valuable insight into the reversal of changes
associated with high dietary sodium. One study assessed the effect of a low sodium diet on DNA
methylation in a cohort of hypertensive participants, with significant improvement in BP noted over the
study. Kidambi et al. showed 117 and 71 differential methylated genes in T cells and arteriolar tissue,
respectively, with 4 common genes noted (P value = 0.009)"*). In a RCT of hypertensive African American
participants, a low sodium diet was shown to cause differential expression of 15 miRNA molecules
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including miR-143-3p. These changes were accompanied by a reduction in systolic blood pressure from
148.89 + 13.47 to 143.66 = 11.82 (P < 0.001) and pulse wave variation from 11.75 + 2.07 to 11.21  1.77
(P = 0.003) in the validation group, suggesting miRNA expression correlates with changes in blood pressure
and vascular compliance"*. Dietary salt is clearly associated with several epigenetic changes, but additional
research is needed to further characterize the impact of these changes on cardiovascular outcomes.

A western dietary pattern apparently contributes to the epigenetics changes leading to enhanced
cardiovascular risk and premature cardiovascular aging. However, some of the evidence reviewed shows
that simple modifications to the traditional western dietary pattern, including limiting dietary fat and salt,
can help mitigate and potentially reverse some of the adverse effects of the western diet. It is important to
characterize the negative epigenetic effects of the western diet, as it may yield diagnostic and therapeutic
targets in future studies. Additional investigation is needed to characterize further epigenetic mechanisms
through which the western dietary pattern leads to cardiovascular aging.

Mediterranean dietary pattern

The MDP has been shown to have prominent effects on DNA methylation at sites related to cardiovascular
risk factors and aging. Ma et al. assessed the relationship between peripheral blood DNA methylation and
diet quality, defined by Mediterranean-style Diet Score (MDS) and Alternative Healthy Eating Index
(AHED". Higher diet quality was associated with significantly increased DNA methylation at 30 CpG
dinucleotides in genes associated with all-cause mortality, dyslipidemia, elevated BMI and Type II diabetes
in European Americans"*’. In a cross-sectional analysis of 1995 participants in the Framingham Heart
Study Offspring Cohort, increased diet quality as defined by MDS was associated with decreased epigenetic
aging as defined by 3 standardized measures of epigenetic aging and DNA methylation (All
P values < 0.002)"!. Of note, diet quality as defined by DASH score and AHEI was also associated with
similar delays in epigenetic aging in these participants. Related results were noted in a meta-analysis of
participants selected from the Women’s Health Initiative and a subset of women from TwinsUK cohort.
The authors note that higher diet quality was associated with a reduction in methylation at 24 CpG
dinucletotides associated with inflammation, insulin resistance and obesity (P value= 0.00027)"*.
Differential DNA methylation was also seen in a study of the subset of 36 participants in the PREDIMED
trial, with a MDP correlating with hypermethylation of 5 genes and hypomethylation of 3 genes involved in
inflammation in peripheral blood samples. For example, the hypomethylation of eukaryotic elongation
factor 2 (EEF2) was associated with downregulation of inflammatory factors, including TNF-o and CRP"*".,

A MDP is linked to altered expression of miRNA related to inflammation and cardiovascular aging. One
study evaluated a subset of the CORDIOPREYV trial cohort, demonstrating that a MDP may be superior to a
low-fat diet in regulation of endothelial function defined by flow-mediated dilation (FMD) of the brachial
artery"™.. The authors further describe differential miRNA expression between a MDP and a low-fat diet in
samples showing both severe and non-severe endothelial dysfunction. A MDP led to downregulation of the
proapoptotic and proinflaimmatory miRNA (miR181c-5p and miRNA let-7e-5p) while increasing levels of
miRNA (miR-939-5p and miR-25-5p) that inhibit gene expression associated with atherosclerosis, cellular
senescence and inflammation. Another study assessed the impact of 8-week exposure to MDP on
individuals with metabolic syndrome, finding altered levels of miRNA expression related to diet quality in
peripheral leukocytes"*!. Marques-Rocha ef al. go on to discuss the correlation between high diet quality
and increased expression of the miRNA let-7b, which is likely protective against endothelial dysfunction
and atherosclerotic disease!*.
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In an additional analysis of participants within the PREDIMED trial, a MDP supplemented either with olive
oil or tree nuts was shown to cause differential alterations in DNA methylation of genes associated with
inflammation, metabolism and cardiovascular risk in white blood cells"*”. While both were associated with
positive cardiovascular outcomes, this study indicates that dietary fat composition will impact epigenetic
factors differently. Extra virgin olive oil, an important component of the MDP, contains phenols that lead to
numerous epigenetic alterations associated with anti-inflammatory and cardioprotective effects*"**. Other
diet components of the MDP, such as grains, fruits, vegetables and wine, are rich in polyphenols like
resveratrol. These polyphenolic compounds, along with polyunsaturated fats, are bioactive and are
associated with direct epigenetic changes and anti-inflammatory phenotype*.

A MDP leads to epigenetic changes that may be protective against changes associated with cardiovascular
aging. There is still a wide gap in the exact mechanisms through which epigenetic modifications contribute
to these changes, and additional studies are needed to identify additional epigenetic markers, target genes
and their relationship with specific cardiovascular outcomes. Differences in mRNA expression between
MDP supplemented with either nuts or olive oil have also been characterized, which suggests the presence
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of heterogenous epigenetic changes even within subtypes of the MDP and needs further examination'

Intermittent fasting

Intermittent fasting is noted to have positive effects on several cardiovascular risk factors in humans,
including blood pressure, insulin resistance, obesity and dyslipidemia"*. Intermittent fasting may lead to
increased circulating ketone bodies in the setting of carbohydrate restriction. Ketones can cause changes in
cellular signaling as well as direct histone modifications such as B-hydroxybutyrylation, methylation and
acetylation"*. Both SIRT1 and SIRT2 levels are increased in adipose tissue in response to intermittent
fasting and lead to histone deacetylation of several genes"””. SIRT1 plays a key role in reduction of
inflammation and downregulation of inflammatory pathways such as NFkB and IL-1p, while SIRT2 is
implicated in reduced oxidative stress. In a cohort of 9 overweight adults, time-restricted eating with a 16-h
fasting period was also found to cause differential expression of 14 miRNA molecules likely related to
growth and cellular repair™*. The miRNAs were not previously characterized, making it difficult to assess a
relationship to cardiovascular disease. Early evidence shows epigenetic changes in response to intermittent
fasting, but much more research is needed to characterize these epigenetic mechanisms and how they
impact cardiovascular aging.

Conclusion

Epigenetics is clearly influenced by diet and plays an essential role in normal human development and
homeostasis. Nutriepigenetic changes are demonstrated to impact pathways involved in cardiovascular
aging through DNA methylation, histone modification and non-coding RNAs. Of the evidence reviewed in
this section, the MDP may be an epigenetic modifier to protect against cardiovascular aging. Simple
modifications of the traditional western diet, such as limiting salt and fat, may also lessen cardiovascular risk
factors through epigenetic modification. While early data is provocative, most studies are defined by simple
correlations between epigenetic changes and disease. There is still a gap in evidence regarding the specific
mechanisms of dietary epigenetic change and how these changes directly influence cardiovascular
phenotype. Additional evidence is needed to characterize these changes as they pertain to dietary patterns
including the western diet, MDP and intermittent fasting. Further, other diet patterns were
disproportionately under-represented in the scientific literature and thus provided an area for additional
research. A plant-based dietary pattern has similar benefits to the MDP, but currently lacks quality studies
assessing epigenetic mechanisms and cardiovascular impact. Lastly, additional research is needed to assess
the impact of maternal diet on epigenetics and cardiovascular disease in offspring. Maternal exposure to
both famine and overnutrition has been shown to alter cardiovascular risk in offspring, but there is little
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data assessing the epigenetic mechanisms of this phenomenon or if any of the beneficial dietary patterns
discussed would provide a cardioprotective benefit to subsequent generations. In conclusion, evidence
supports diet as an intervention to protect against the epigenetic component of cardiovascular aging, but
more evidence is needed to support specific dietary patterns and specific mechanisms of nutriepigentic
change.

DISCUSSION

Age is the main risk factor for the development of cardiovascular disease and is thought to be a non-
modifiable one at that. If we can understand the molecular and biological mechanisms that underlie aging,
perhaps we can develop preventative and therapeutic interventions to combat CVD.

In this review, we highlighted three of the most well-established mechanisms that drive cardiovascular
aging- chronic inflammation, oxidative stress and epigenetics- and discussed the present evidence of the
impact of healthy and unhealthy dietary patterns on these aging mechanisms. The Mediterranean Dietary
pattern has been evaluated the most and has demonstrated beneficial effects on all aging mechanisms. There
are other dietary patterns- plant-based, intermittent fasting- that require extensive evaluation and studies;
however, some early results have demonstrated benefits.

Practitioners should be aware of the beneficial effects of healthy dietary patterns and the harms of others
when guiding their patients on optimal dietary practices. This review helps to shed light on the
Mediterranean dietary pattern as a promising tool to slow down cardiovascular aging. It is the least
restrictive pattern and also has the largest body of evidence. Therefore, we would recommend the
Mediterranean dietary pattern to most patients with an eye towards future studies on the evaluation of
intermittent fasting and plant-based dietary patterns.
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