S International Journal of

7
Molecular Sciences m\D\Py

Review

The Role of Histone Acetylation and the Microbiome
in Phytochemical Efficacy for Cardiovascular Diseases

Levi W. Evans 1't, Maheshi Athukorala 1'*®, Kristina Martinez-Guryn 2% and

Bradley S. Ferguson 1-3*

1 Department of Nutrition, University of Nevada Reno, Reno, NV 89557, USA; levi659@gmail.com (L.W.E.);
maheshikathukorala@nevada.unr.edu (M.A.)

Department of Biomedical Sciences, Midwestern University, Downers Grove, IL 60515, USA

Center of Biomedical Research Excellence for Molecular and Cellular Signal Transduction in the
Cardiovascular System, University of Nevada Reno, Reno, NV 89557, USA

*  Correspondence: kmarti2@midwestern.edu (K.M.-G.); bferguson@unr.edu (B.S.F.)

t These authors contribute equally to this work.

check for
Received: 28 April 2020; Accepted: 27 May 2020; Published: 3 June 2020 updates

Abstract: Cardiovascular diseases (CVD) are the main cause of death worldwide and create a
substantial financial burden. Emerging studies have begun to focus on epigenetic targets and
re-establishing healthy gut microbes as therapeutic options for the treatment and prevention of CVD.
Phytochemicals, commonly found in fruits and vegetables, have been shown to exert a protective
effect against CVD, though their mechanisms of action remain incompletely understood. Of interest,
phytochemicals such as curcumin, resveratrol and epigallocatechin gallate (EGCG) have been shown
to regulate both histone acetylation and microbiome re-composition. The purpose of this review
is to highlight the microbiome-epigenome axis as a therapeutic target for food bioactives in the
prevention and/or treatment of CVD. Specifically, we will discuss studies that highlight how the
three phytochemicals above alter histone acetylation leading to global changes in gene expression
and CVD protection. Then, we will expand upon these phytochemicals to discuss the impact of
phytochemical-microbiome-histone acetylation interaction in CVD.

Keywords: phytochemicals; histone acetylation; histone deacetylase (HDAC), microbiome;
microbiota; heart

1. Introduction

Cardiovascular diseases (CVD), which include heart attack, atherosclerosis, hypertension, stroke
and heart failure, remain a leading public health concern. Indeed, CVD is the leading cause of death;
CVD causes 1 of every 3 deaths globally [1]. Additionally, more than one-third of Americans live with
some form of CVD, costing approximately $351.2 billion per year [1]. These are alarming statistics given
the development of ground-breaking cardiovascular pharmacotherapies in recent decades. The high
prevalence and mortality rates are tied to the high financial costs, thus highlighting the need for better
and more affordable CVD therapies. With this in mind, investigators have begun to elucidate the
role of the epigenome and microbiome in human health and disease in an effort to identify novel
therapeutic targets for CVD.

Epigenetic modifications regulate gene expression independently from changes in the DNA
sequence and include lysine residue acetylation on histone protein tails [2]. Lysine acetylation is a
reversible event and catalyzed by histone acetyltransferase (HAT) enzymes while lysine deacetylation
is catalyzed by histone deacetylase (HDAC) enzymes [3]. Histone acetylation is generally associated
with relaxation of the chromatin allowing increased gene transcription whereas histone deacetylation is
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associated with decreased gene transcription. Currently, 18 mammalian HDACs have been identified
and divided into four separate classes: class I (HDACs 1, 2, 3 and 8), class II (HDACs 4, 5, 6,7, 9 and 10),
class III (SIRT1-7) and class IV (HDAC11). Class Il HDACs are subdivided further into class Ila (HDACs
4,5,7 and 9) and IIb (HDACs 6 and 10). Class I, I and IV HDACs require zinc as a cofactor to catalyze
deacetylation, while class Il HDACs (sirtuins; SIRT1-7) require nicotinamide adenine dinucleotide
(NAD+). Relevant to this review, zinc-dependent HDAC inhibition is efficacious in animals models
for CVD and has been shown to attenuate cardiac hypertrophy [4], scarring [5] and dysfunction [6].
Conversely, sirtuin hyperactivation seems to be beneficial to the heart [7]. Thus, therapeutics that
target HDAC (in)activity in the heart may bridge the gaps of current CVD pharmacotherapies but
warrant further investigation.

The human body hosts trillions of microorganisms, with the highest densities found in the
gastrointestinal (GI) tract. Indeed, microbial densities in the colon can reach 1011 colony-forming units
per gram of content (cfu/g) [8]. These observations demonstrate that the gut microbiome is considerably
larger than the genome of its host, and not surprisingly, has been heavily investigated for its role
in regulating health and disease. Similar to changes in histone acetylation, the gut microbiome has
been suggested to play a key role in cardiovascular health and disease. Consistent with this postulate,
changes in microbial communities have been linked to CVD-related events and risks [9], including
atrial fibrillation [10], heart failure [11] and elevated blood lipids and cholesterol [12,13]. In addition,
the gut microbiota has also been shown to modulate HDAC activity in the gut [14] and may serve as a
critical bridge between the beneficial effects of polyphenols and improved cardiac function.

The etiology of CVD is multifactorial and includes both unmodifiable and modifiable risk factors.
According to the American Heart Association (AHA), aging, gender and heredity are classified as
uncontrollable risk factors for CVD. Modifiable risk factors include tobacco use, physical activity and
diet. In fact, diet is now considered the leading modifiable risk factor for many diseases including
CVD [15], and a substantial portion of cardiovascular diseases can be prevented through dietary
modification [16]. For example, the Mediterranean Diet and the DASH (Dietary Approaches to Stop
Hypertension) Diets are two commonly recommended dietary interventions that help manage and
prevent heart disease [17]. Both heart-healthy diets are abundant in plant-based foods like fruits,
vegetables, whole grains, legumes, nuts and seeds. While these foods are nutrient-dense, they are also
rich in non-nutritive plant compounds, i.e., phytochemicals, which play important roles in heart health.

Phytochemicals were originally studied for their anti-oxidative and anti-inflammatory potential [18].
However, recent evidence has emerged that these compounds can also regulate histone acetylation and
impact microbial growth. In this review, we will discuss the phytochemical-microbiome—epigenome
axis, with an emphasis on the regulation of histone acetylation and human health and disease.

2. Phytochemicals, Histone Acetylation and CVD

Phytochemicals are compounds naturally found in plants that protect their hosts against pollution,
stress, drought, UV exposure and pathogenic attack [19]. Although these xenobiotic compounds were
originally thought to be metabolized and excreted as waste, evidence over the past several decades has
shown that phytochemicals can improve human health. Indeed, plants abundant in phytochemicals
have been traditionally used to treat bacterial and viral infections as well as gastrointestinal distress [20].
However, a mounting body of literature has implicated natural dietary compounds as players
in the regulation of intracellular signaling cascades, inflammation and oxidative stress in many
non-communicable diseases including CVD [20]. Concerning heart disease, phytochemicals have
been shown to protect against atherosclerosis, thrombosis, ischemia, hyperglycemia, hyperlipidemia
and hypertension [21]. While early work focused on cellular signaling, inflammation and oxidative
damage, recent evidence shows that phytochemicals serve as epigenetic modifiers to also protect the
heart. Below, we will discuss the role of three phytochemicals in the regulation of histone acetylation
and CVD.
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2.1. Curcumin and Histone Acetylation in CVD

Turmeric (Curcuma longa) is a plant often used as a spice, food coloring agent, preservative and
holistic remedy for treating disease [22]. Curcumin is credited as the primary bioactive compound
of turmeric and has been shown to protect the heart [23,24]. With regard to histone acetylation,
curcumin has been shown to inhibit p300 histone acetyltransferase (HAT) activity [25]. Activation
of p300 contributes to histone acetylation of transcription factors such as GATA binding protein
4 (GATA4), which promotes pathological cardiac remodeling by upregulating pro-hypertrophic,
(e.g., atrial natriuretic factor (ANF) and beta myosin heavy chain (3-MHC)), and pro-inflammatory,
(e.g., endothelin-1 (ET-1)), gene expression [26]. Indeed, curcumin was shown to attenuate cardiac
hypertrophy, fibrosis and dysfunction by inhibiting p300-mediated GATA4 acetylation [25]. The ability
of curcumin to inhibit p300 activity was further shown to inhibit pro-inflammatory gene expression,
specifically triggering receptors expressed on myeloid cells-1 (TREM-1) [27], that induce atherosclerosis
and myocardial infarction [28]. Thus, inhibiting p300 seems to be an important mechansistic action of
curcumin for its cardioprotective role.

Curcumin has also been shown to attenuate cardiac remodeling by inhibiting zinc-dependent
HDAC activity [29]. For example, curcumin reduced HDACI1 binding and increased histone acetylation
at the promoter region of tissue inhibitor of metalloproteinase 1 (TIMP1), which subsequently resulted
in increased TIMP1 expression and reduced fibrosis in spontaneously hypertensive rat hearts [30].
Curcumin was also shown to suppress the antagonistic target of TIMP1, matrix metalloproteinase-2
(MMP-2) [30]; MMP2 promotes cardiac fibrosis and dysfunction [31,32]. Others have confirmed that
curcumin is anti-fibrotic by targeting TIMP/MMP2 expression [33]. Not surprisingly then, hypertensive
rats treated with curcumin had improved fractional shortening (i.e., contractile function) and cardiac
fibrosis in addition to attenuated wall thickening and myocardial cell enlargement (i.e., cardiac
hypertrophy) compared to hypertensive nontreated rats [30]. While it is counterintuitive that curcumin
inhibits both HATs and HDACs in a manner that protects the heart, it is likely that HATs and HDACs
regulate different histone and transcription factor targets in the myocardium.

Translational Role for Curcumin in CVD

In agreement with the cardioprotective actions in experimental models characterized above,
evidence also supports cardioprotection for curcumin in humans. Studies have reported that
curcuminoids, at doses ranging from 20 mg/day to as high as 1500 mg/day and treatment periods
ranging from 2 weeks to as long as 6 months, reduced circulating markers associated with atherosclerotic
events, including total cholesterol (TC), low-density lipoprotein cholesterol (LDL), triglycerides (TG),
lipoprotein A (Lp(a)) and apolipoprotein B (Apo B) [24,34-36]. Additionally, 1500 mg/day of a
curcuminoid extract given for 24 weeks improved pulse wave velocity (PWV), a marker associated
with arterial disease, as well as improvements in metabolic markers, including adiponectin and leptin
expression, that coincided with improved insulin resistance in male and female diabetics [24]. Similarly,
4000 mg/day of curcuminoid supplementation 3 days prior to and 5 days post coronary artery bypass
grafting (CABG) was shown to reduce post-operative oxidative stress (malondialdehyde: MDA),
inflammation (C-reactive protein: CRP) and myocardial infarction compared to a placebo control [37].
Lastly, pre-surgical curcumin supplementation at 45 mg/day for 14 days reduced c-Jun N-terminal
kinase (JNK) activity and apoptotic caspase-3 expression in cardiomyocyte nuclei from biopsied heart
tissue of 2—6-year-old children who underwent tetralogy of Fallot surgery [38]. Post-operative cardiac
function was also improved in the curcumin-supplemented group [38]. Data from Sukardi et al. [38]
are particularly interesting, as: (1) oral administration of curcumin affected intracellular signaling
cascades in the human heart, previously shown to be regulated by the class I HDACs in cardiac
myocytes [39], and (2) the effective oral dose of curcumin used in this human study (45 mg/day or
3.7 mg/kg/day) [38] was lower than the effective dose (50 mg/kg/day) that ameliorated heart failure in
spontaneously hypertensive rats [30]. While scientists are currently developing curcumin derivatives
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that have bioactive properties in humans reflective of those in rodents [40], the above data suggest that
curcumin is a viable therapeutic strategy for select CVDs.

2.2. Resveratrol and Histone Acetylation in CVD

Resveratrol is a stilbene naturally found in peanuts, grapes, red wine and some berries [41].
Many studies have shown that resveratrol activates NAD-+-dependent class III HDACs, the sirtuins,
contributing to improved CVD outcomes in animal models [42]. Indeed, resveratrol has been
shown to attenuate cardiac hypertrophy, fibrosis and dysfunction and increase sirtuin activity and
intracellular calcium handling [43]. Several of these studies have linked resveratrol to sirtuin-mediated
deacetylation and cardiac function. For instance, Sin et al. showed that resveratrol-induced sirtuin 1
activation deacetylated forkhead box protein O1 (Foxol) and reduced expression of the downstream
apoptotic signaling molecule of Foxol, Bcl-2 interacting mediator of cell death (Bim), in aged mouse
hearts [44]. Cardiomyocyte apoptosis results in cardiac dysfunction and, eventually, heart failure [45].
In agreement with these data, aged mice treated with resveratrol had reduced cardiomyocyte death
and improved cardiac function compared to controls [44]. Further reports have confirmed that
resveratrol-induced sirtuin 1 activity protected cardiomyocytes from Foxol-mediated apoptosis [46].
In addition to its anti-apoptotic role, resveratrol-mediated sirtuin 1 activation deacetylated endothelial
nitric oxide synthase (eNOS), which led to increased eNOS activity and nitric oxide (NO) production
in endothelial cells [47]. NO regulates endothelial function and reduces oxidative stress in the
vasculature [48]. Consistently, resveratrol concomitantly upregulated eNOS expression, improved
endothelial dysfunction and attenuated plaque formation in an atherosclerotic mouse model [49].
Thus, resveratrol can increase sirtuin activity in order to protect against CVD.

To our knowledge, no study has linked the cardioprotective actions of resveratrol with
zinc-dependent HDAC inhibition. However, resveratrol has been shown to inhibit non-sitruin
HDAC activity in cancer models [50]. Additionally, resveratrol has been shown to regulate the
pro-inflammatory pathways, nuclear factor kappa B (NF-kB) [51] and mitogen-activated protein
kinases (MAPKs) [52], which have been implicated with zinc-dependent HDACs in the heart [39,53].
While the current state of the literature suggests that the primary action of resveratrol is regulating
sirtuin activity, further investigation examining the role of zinc-dependent HDACs in the heart-healthy
actions of resveratrol is warranted.

Translational Role for Resveratrol in CVDs

Similar to curcumin, human studies suggest that resveratrol is a promising bioactive food
compound that protects the heart. Two meta-analyses concluded that resveratrol at doses between
150 mg/day and 1000 mg/day reduced systolic blood pressure [54,55]. In addition to its anti-hypertensive
actions, 500 mg/day (approximately 6 mg/kg/day) of resveratrol supplemented for 30 days improved
circulating cholesterol levels and oxidative stress concomitant with upregulated Sirtl and peroxisome
proliferator-activated receptor-gamma (PPARy) expression in peripheral blood mononuclear cells
(PBMCs) in type 2 diabetic patients with coronary artery disease [56]. These data are interesting as
resveratrol was shown to regulate catalytic enzymes of histone acetylation in humans [56] at doses
similar to those used in experimental models described above at 4.9 mg/kg/day [44] and by others at
5.2-22.4 mg/kg/day [57]. Similar to these findings, a resveratrol-enriched (4-80 mg/g) grape extract
supplemented for six months lowered the pro-atherosclerotic molecules and oxidized LDL (LDLox)
and apolipoprotein B (ApoB) more so than a non-resveratrol-enriched grape extract or a placebo
control in primary cardiovascular disease prevention (PCP) patients [58]. While these studies suggest
resveratrol imparts heart health through Sirtl-mediated mechanisms, other human studies have shown
that resveratrol has no such effect on Sirt1 or clinical markers relevant to CVD [59]. These confounding
results in human studies may be because resveratrol was shown to be less effective at lower doses [54,55].
While questions concerning resveratrol dosing or lower levels of NAD+ in diseased patients (NAD is
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needed for sirtuin activity) need to be further clarified, many human findings support resveratrol as a
potential therapuetic for CVD.

2.3. EGCG and Histone Acetylation in CVD

Green tea is a beverage constantly characterized as heart-healthy due to its rich flavonoid
content, particularly the flavonoid epigallocatechin-3-gallate (EGCG) [60]. Indeed, reports have
elucidated several efficacious actions of EGCG in the heart [61], with recent findings linking the
cardioprotective actions of EGCG to histone acetylation. In one report, EGCG reversed hypoacetylation
at the proximal promoter region of cardiac troponin I (cTnl) by reducing HDAC1 expression in aging
mice [62]. ¢Tnlis a critical driver of diastolic function, and its expression is regulated by cTnl promoter
acetylation [63]. Not surprisingly, then, EGCG increased cTnl expression and improved cardiac diastolic
function [62]. EGCG was also shown to inhibit HDACT1 activity and increase histone acetylation of
the sarcoplasmic reticulum Ca-ATPase 2a (SERCAZ2a) promoter in transverse aortic constricted (TAC)
mice [64]. SERCAZ2a is a critical regulator of calcium handling during cardiac muscle contraction.
Loss of SERCA2a contributes to heart dysfunction [65]. Consistent with this, EGCG attenuated
cardiac hypertrophy, fibrosis and dysfunction in TAC-induced mice [64]. Taken together, EGCG elicits
protective effects in the heart, in part, through HDAC inhibition that promotes increased histone
acetylation and gene expression of proteins critical for contraction and relaxation.

In addition to its role in the myocardium, EGCG has been shown to attenuate vascular inflammation
via changes in histone acetylation [66]. Here, EGCG reduced binding of NF-«B subunit p65 and HAT
p300 but increased binding of HDAC1 and HDAC2 at the promoter regions of NF-«kB-regulated genes
in PCB-126 endothelial cells [66]. These data were linked with hypoacetylation at promoter regions
and suppression of inflammatory and atherosclerotic gene expression, which suggests that EGCG
prevents inflammation-induced atherosclerosis by regulating histone acetylation [66]. The authors
from this study note that EGCG doses were substantially higher than those observed in humans.

Translational Role for EGCG in CVDs

Translational findings reported that brachial artery flow-mediated dilation (FMD), a marker
of endothelial function that predicts heart disease [67], improved in patients with coronary artery
disease two hours after EGCG supplementation at 300 mg [68]. In contrast, EGCG supplementation of
300 mg/day for 14 days did not improve FMD in these patients, likely due to EGCG being depleted in
the plasma after the two-week treatment period [68]. Notably, FMD of healthy men did not improve
two hours after a single dose of EGCG at 200 mg [69]. In relation to hypertension, systolic blood
pressure was shown to improve after 14 days of consuming 250 mL/day, roughly 200 mg/day of EGCG,
of green tea [70]. In contrast, others reported that 300 mg/day of EGCG supplementation for two days
or two weeks did not improve systolic or diastolic blood pressure [68]. These data suggest that EGCG
supplementation at doses greater than 200 mg for acute periods of time, but not for periods longer
than two weeks, benefit endothelial function independently from hypertensive indices; whether this
confers cardioprotection remains unclear. However, the contradictory findings concerning EGCG
efficacy in humans may also be due to low concentration doses. For example, doses of EGCG used in
experimental animal and cell models approximated 50 mg/kg/day [62,64] or 15-30 uM [66], which were
higher than the majority of human studies discussed. One favorable human report did observe EGCG
efficacy at doses of 50 mg/kg/day for 12 months [71]. Future studies that examine dose-and-time
relationships would improve our understanding of how much and for how long one should consume
EGCG to benefit the heart.

Aside from the above reports [68,69], few human studies have delineated the lone role of
EGCG in CVD prevention. However, the effects of EGCG-rich teas have been extensively studied.
In relation to atherosclerotic risks, oxidative indices which were measured by plasma thiobarbituric-acid
reactive substances (TBARS), trolox equivalent antioxidant capacity, superoxide dismutase, catalase,
total glutathione, glutathione peroxidase and glutathione reductase, as well as ox-LDL lagtime,
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concomitantly improved in patients with mild hypercholesterolemia who consumed either an
EGCGe-rich green tea or EGCG-rich oolong tea for 12 weeks, with EGCG doses of 228.4 mg/day
or 192.2 mg/day, respectively [72]. Additionally, EGCG-rich teas, at doses as low as 2.5 mg/kg/day [72]
and as high as 50 mg/kg/day for 12 months have been shown to reduce LDL cholesterol [71]. Finally,
two observational reports [73,74] suggests that consuming EGCG-rich green teas, with EGCG doses
between 500-800 mg/day and plasma concentrations between 500 and 600 nM, for 12 months attenuated
transthyretin amyloidosis-induced cardiac remodeling (e.g., left ventricle wall thickness and mass) and
dysfunction (e.g., ejection fraction). EGCG was not the principal bioactive compound in teas shown to
reduce CVD risk markers characterized above [69]. As such, the beneficial effects of green tea may be
independent of EGCG supplementation.

3. Microbiome

As mentioned above, the human body hosts trillions of microorganisms, which reside primarily on
epithelial surfaces and gut lumen and attain their highest densities within the GI tract. Here, the density
of microbiota populations varies along the small intestine, cecum and large intestine (colon) as
each Gl region houses distinct microbial habitats that are affected by chemical and nutrient gradients.
Specifically, the small intestine is more acidic and contains more antimicrobial compounds, which results
in reduced microbial densities [75]. Moving down the GI tract, pH and, with it, microbial densities
increase. In fact, microbial densities in the colon reach 10!! colony-forming units per gram of content
(cfu/g) compared to 102 cfu/g in the small intestine [8].

The human gut consists of a variety of bacteria, mainly species that belong to Bacteroidetes,
Firmicutes, Actinobacteria, Proteobacteria and Cerrucomicrobia phylum. Among them, Bacteroidetes and
Firmicutes are the most prominent species [76] and are often used as a ratio to mark pathological gut
dysbiosis [77]. Gut microbiota regulate, in part, host immunity, energy metabolism, hormonal balance
and fermentation and synthesis of metabolites such as short-chain fatty acids (SCFA), amino acids
and vitamins [8]. The composition of the gut microbiome of a healthy person can vary considerably
from one person to another. This variation between individuals is due to a number of factors including
age [78], environment [79], prescription drug use [80] and, of interest, diet [81]. As the gut microbiome
is considerably larger than the genome of its host, a shift in focus has emerged towards understanding
and targeting the microbiome in health and disease.

Microbiome and CVD

A growing body of evidence suggests gut microbiota and its metabolites are involved in
cardiovascular health and disease. For example, Jie et al. found distinct differences in microbial
taxa between 187 healthy controls and 218 patients diagnosed with atherosclerotic cardiovascular
disease (ACVD) [82]. Here, Streptococcus and Escherichia coli, which are associated with inflammation,
were enriched, while Roseburia intestinalis and Faecalibacterium cf. prausnitzii, which synthesize short
chain fatty acids (SCFAs), were depleted in ACVD patients [82]. The Bogalusa Heart Study linked
Alloprevatella and Catenibacterium enrichment with low lifetime CVD risk and Prevotella 2, Prevotella 7,
Tyzzerella and Tyzzerella 4 enrichment with high lifetime CVD risk [83], while others have shown that
changes in the human microbiome are linked to CVD-related events and risks [9], including atrial
fibrillation [10], heart failure [11], elevated blood lipids and cholesterol [12,13] and hypertension [84].

Indeed, clear differences in microbial communities and metabolites, e.g., SCFAs, were observed
between normotensive and hypertensive patients [84]. Additionally, Kim et al. showed that
Ruminococcus torques, Eubacterium siraeum and Alistipes finegoldii were positively associated with
systolic blood pressure and intestinal inflammation, while Bacteroides thetaiotaomicron, which protects
intestinal junctions, was negatively associated with systolic blood pressure [85]. Animal experiments
have strengthened the microbiome-hypertension postulate, as germ-free mice exposed to angiotensin
II-induced hypertension experienced attenuated cardiac fibrosis, inflammation and systolic dysfunction
compared to their conventionally raised counterparts [86]. Finally, Adnan et al. showed an increase
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in the Firmicutes:Bacteroidetes ratio, a commonly used indicator of gut dysbiosis, and systolic blood
pressure in rats gavaged microbiota from spontaneously hypertensive rodents [87]. As hypertension is
one of the major risk factors for heart disease, these aforementioned studies yield promise in targeting
the microbiome and particular metabolite-producing microbiota to alleviate CVD.

Microbiome, Histone Acetylation and CVD

Gut microbiota like Bifidobacterium, Megasphaera massiliensis and Lactobacillus synthesize short-chain
fatty acid metabolites (SCFAs) from dietary fiber. SCFAs such as acetate, propionate and butyrate can
enter circulation and inhibit HDAC activity in blood and select tissues including the liver, adipose
tissue, brain and myocardium [14,88]. Indeed, high abundances of the SCFA-producing commensal
strains, especially butyrate-producing strains, have been shown to inhibit HDACs [14]. Such effects can
be protective both locally in the GI tract, as well as systemically, such as in the heart. Regarding local
protection, butyrate-mediated HDAC inhibition attenuated production of pro-inflammatory cytokines
by intestinal macrophages [89]. This is important as GI inflammation can result in chronic, low-grade
systemic inflammation and is associated with several diseases including CVDs. Regarding systemic
protection, butyrate inhibits class I HDAC activity in the heart, which attenuates cardiac hypertrophy,
fibrosis and dysfunction across several experimental animal models of CVD [90-92]. Acetate and
propionate are also HDAC inhibitors, albeit less potent [93], and have been shown to block common
hallmarks of CVD upon GI microbial synthesis [94,95].

While diet-derived SCFAs are the common epigenetic link between the microbiome and heart
health, evidence exists for other food stuffs in this regard. For example, mice supplemented with
the probiotic Bifidobacterium animalis subsp. lactis showed attenuated ischemia/reperfusion-induced
myocardial infarction and inflammation [96]. These actions were dependent upon Treg cells, a type of
cell important for the inflammatory response to cardiac injury [97], which showed increased histone
acetylation with probiotic supplementation [96]. This is interesting as the acetylation status of Tyeg cells
was shown to regulate its anti-inflammatory function [98]. Consistent with these data, other studies
have linked histone acetylation with the anti-inflammatory effects of probiotic bacterial strains [99,100].
These studies provide some foundation towards elucidating the mechanisms by which probiotics
combat deleterious actions to the heart; however, further investigation is required.

4. Phytochemicals and the Microbiome

Gut microbiota are involved in second-phase metabolism of phytochemicals, specifically through
xenobiotic reactions of ring-cleavage, reduction, decarboxylation, demethylation and dihydroxylation
reactions, which synthesize phytochemical metabolites [101]. These phytochemical metabolites are
then either excreted via feces or transported into circulation as compounds that may or may not be more
bioavailable and/or bioactive than their parent compound [101,102]. Thus, one interaction between
phytochemicals and the microbiome that may influence host health is by synthesizing metabolites
via xenobiotic metabolism. A second phytochemical-microbiome interaction that may influence host
health is microbiota recomposition driven by phytochemical exposure [103,104]. Such interactions for
the phytochemicals curcumin, resveratrol and EGCG are discussed below.

4.1. Curcumin and the Microbiome in CVD

As the bioavailability of curcumin is low, some speculate that the gut mediates the pharmacological
efficacy of curcumin. Thus far, limited research suggests that curcumin significantly affects microbial
recomposition. For instance, x-diversity was not affected, while microbial abundance was affected
by curcumin supplementation in mice or humans [105,106]. Specifically, the abundance of Prevotella
genera decreased while the abundances of Alistipes and Bacteroides generas increased in mice
supplemented with curcumin [105]. In humans supplemented with curcumin, Clostridium xylanolyticum,
Collinsella aerofaciens, Kluyvera intermedia and Raoultella electrica abundances increased, while
Coprococcus catus abundance decreased [106]. What is more promising, is that the gut metabolizes
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curcumin to form demethylated curcumin, which is more bioavailable and bioactive compared to
its parent compound [107]. Indeed, demethylated curcumin was shown to be less toxic and more
efficient at reducing oxidative stress, i.e., increased glutathione and decreased reactive oxygen species,
than curcumin in HT4 neuronal cells [107]. Additionally, demethylated curcumin downregulated
expression of tumor necrosis factor-alpha (TNF-o)-inducible chemokines and pro-atherosclerotic
inflammatory adhesion molecules as well as apoptotic pathways more so than curcumin in human
microvascular endothelial cells [107]. Thus, the anti-inflammatory properties of demethylated
curcumin [107] may be efficacious to the heart. Nevertheless, neither these effects of demethylated
curcumin nor the actions of demethylated curcumin on histone acetylation have been directly
investigated in the heart and require further study.

An additional mechanism for microbiota-mediated curcumin activity is via enhanced SCFA
production in hypertensive patients [108]. Consistent with this, curcumin-treated microbiota fermented
higher concentrations of SCFAs, similar to fiber-treated microbiota, than those treated with control [108].
These data are intriguing as the efficacious actions of SCFAs have been implicated in hypertension [94].
Thus, curcumin extracts may provide cardioprotection by recomposing microbiota to ones which
synthesize non-curcumin, global HDAC inhibitor compounds [14]. Consistent with this postulate,
curcumin, used as a cotherapeutic, improved colon cell function via HDAC inhibition [109]. Future
examination of curcumin-microbiome-histone acetylation interactions is likely to yield interesting
findings for human health and disease, particularly in the regulation of CVD. In addition, it would be
interesting to determine if fecal transplantation from curcumin-exposed microbiota would attenuate
CVD in mammals.

4.2. Resveratrol and the Microbiome in CVD

Studies suggest that resveratrol can attenuate CVD by altering the composition of gut microbiota
and metabolites implicated in the heart. For example, Chen et al. showed that resveratrol attenuated
trimethylamine N-oxide (TMAO)-induced atherosclerosis by inhibiting microbiota-dependent
trimethylamine (TMA) synthesis and inducing bile acid synthesis in mice [110]. Resveratrol
also upregulated bile acid synthesis in the liver, which is critical for cholesterol catabolism and
cardiac function [110,111]. Finally, resveratrol remodeled the gut microbiota and improved the
Firmicutes:Bacteroidetes (F:B) ratio, suggesting disease-induced dysbiosis was reversed [110]. These data
are in agreement with studies using other experimental models of CVD, which link the efficacious
actions of resveratrol to the microbiome [112,113].

To our knowledge, only one study to date has linked the epigenetic actions of resveratrol with
the gut [114]. Here, researchers linked increased sirtuin 1 expression with reduced pro-inflammatory
cytokines in resveratrol-treated mice with inflamed colons [114]. Additionally, curcumin attenuated colon
inflammation in this study but increased sirtuin expression to a lesser extent [114]. Of further interest,
reseveratrol was shown to increase SCFA-producing microbiota in metabolically compromised men [115].
As SCFA HDAC inhibitors have been shown to attenuate cardiac remodeling and improve cardiac
function [14], these data suggest that resveratrol protects the heart by a microbiome-epigenome-dependent
mechanism. However, resveratrol did not affect any clinical endpoint in men with metabolic syndrome,
although it should be noted that the study length may have been too short to see any improvements [115].

4.3. EGCG and the Microbiome in CVD

Several reports link the anti-obesogenic actions of EGCG with the microbiome [116-121]. As obesity
is considered a major risk factor for CVD, these anti-obesogenic actions may indirectly protect the heart.
Moreover, EGCG has been shown to improve bile acid regulation, important for proper cardiovascular
function [111], high-fat-diet-induced liver damage [119,121] and gut inflammation [120]. Additionally,
microbiota metabolized EGCG into compounds that reduced oxidative stress [122], which can provide
further cardioprotection [18]. However, obesity has been shown to reduce bioavailability and increase
excretion of EGCG [123-125], which may be due to obesity-induced changes in microbiota that
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metabolize EGCG for reabsorption [123]. Thus, EGCG may prevent obesity more so than reverse
obesity. To clarify these discrepancies, prospective cohort studies with EGCG supplementation periods
longer than 6 weeks in obese and non-obese individuals that employ microbiome, bioavailability and
clinically relevant biomarker analyses, e.g., oxidative stress, inflammation and metabolic dysfunction,
would be beneficial.

Few studies have examined the role of EGCG-microbiome—epigenome interactions in health
and disease. One report showed that EGCG protected mice from high—fat-diet-induced metabolic
dysfunction, which was linked to increased DNA methyltransferase 1 (DNMT1) expression and
subsequent CpG hypomethylation in the colon [120]. While histone acetylation was not examined
in this study [120], it should be noted that DNA methylation recruits zinc-dependent HDACs that
are considered necessary for chromatin condensation and gene repression of hypermethylated DNA
regions [126]. Thus, HDACs may have been involved in the epigenetic modifications observed in the
colon [120]. Consistent with this, EGCG inhibited HDAC activity and reduced CpG hypermethylation
in colon cancer cells [127]. The acetyl-histone-mediated actions of EGCG in the gut and whether these
actions affect the heart directly or indirectly remain unclear.

5. Conclusions

In this review, we characterized the cardioprotective actions of select phytochemicals. In particular,
we discussed the role of curcumin, resveratrol and EGCG in the regulation of histone acetylation and
the microbiome as potential therapeutic targets for CVD (Figure 1). In addition, we present findings
that the gut microbiota can metabolize phytochemicals into bioactive metabolites that can increase
bioavailability and improve CVD. Lastly, we review evidence that phytochemicals can alter the host
microbiome, for example by changing the F:B ratio, to improve gut inflammation and host health.
While many recent studies have shown that phytochemicals can attenuate or protect against CVD via
HDACs/histone acetylation regulation, only a few studies have recently begun examining the impact for
phytochemicals on gut microbial health and CVD. Moreover, limited if any evidence directly links the
cardioprotective actions of phytochemicals with microbiome-mediated changes in histone acetylation.
Thus, the examination of phytochemical-microbiome—epigenome interactions is likely to yield new and
interesting future findings. It’s also important to note that we only discussed three phytochemicals in
this review, but other phytochemicals have been studied in regard to heart-HDAC-histone acetylation.
To this end, further examination of additional phytochemicals in microbiome-HDAC interactions will
likely further our understanding of the role of diet and these food bioactives in health and CVD.

Lastly, in this review we begin to discuss the translational findings for curcumin, resveratrol and
EGCG in CVD prevention and treatment. While cell and animal experiments have demonstrated a
role for these three phytochemicals in the prevention and treatment of CVDs, human studies have
been less clear. These discrepencies are likely due to differences in dosing strategies (e.g., oral vs.
intraperitoneal delivery or every day vs. everyother day dosing), parent compound bioavailbility,
synergistic/antagonistic actions with current therapeutics, as well as loss of protective microbes due to
disease status and current drug treatments. Studies that examine these confounding factors will likely
help clear the confusion regarding the benefits of these phytochemicals in cardiovascular diseases and
may open the door for the use of these nutraceuticals as co-therapeutics.
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Figure 1. Model depicting the role for phytochemicals in the gut microbiota-histone acetylation axis in
the regulation of cardiovascular disease protection. The phytochemicals curcumin, epigallocatechin
gallate (EGCG) or resveratrol can alter the gut microbiome; this can promote healthy bacterial growth
and bacterial metabolites needed for histone acetylation changes in the heart. The parent phytochemicals
curcumin, EGCG, or resveratrol can directly regulate histone acetylation. The parent compounds
or metabolites can alter histone acetylation or transcription factor activity by regulating enzymes

responsible for the addition or removal of acetyl marks on lysine residues.
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