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Abstract:

We found that phytochemicals similarly and differentially regulated pathways and signal
transduction cascades and that these actions were associated with an attenuation in
agonist-induced cardiomyocyte hypertrophy (Chapter 2). Indeed, phenylephrine (PE) as
an or-adrenergic agonist observably increased phosphorylation of the mitogen activated
protein kinases (MAPKS), extracellular regulated kinase (ERK), c-Jun N-terminal kinase
(JNK) and p38, as well as protein kinase C/D (PKC/D). These actions of PE were
associated with an increase in cardiomyocyte hypertrophy, which is a common hallmark
of heart failure. In contrast, Apigenin, Baicalein, Berberine Hydrochloride (BHCI) and
Emodin blocked PE-induced cardiomyocyte hypertrophy, but not via cytotoxicity.
Moreover, the overlapping and divergent effects of Apigenin, Baicalein, BHCI and
Emodin on the MAPKSs and PKC/D highlight our hypothesis in that phytochemicals work
through several mechanisms, both similar and different and at different magnitudes (e.g.,
Emodin reduced phosphorylated-PKD more than Apigenin). Interestingly, Emodin
completely abolished PKD phosphorylation while Apigenin, Baicalein andBHCI only

attenuated PKD phosphorylation.

Four phytochemicals, Apigenin, Baicalein, BHCI and Emodin, out of 18 were
shown to be cardioprotective in Chapter 2. As our lab had previously found that these
dietary compounds inhibited histone deacetylase (HDAC) activity, we next tested the
postulate that Apigenin, Baicalein, BHCI and Emodin would attenuate HDAC activity in
our cardiomyocyte experiments. Of the four, Emodin reduced HDAC activity the most.

As HDAC inhibition is cardioprotective in experimental models of cardiovascular disease



(CVD), our next task sought to elucidate the effects of Emodin on HDAC activity in the
heart and if an Emodin-rich plant, rhubarb, behaved similarly to Emodin (Chapter 3).
Firstly, our data showed that Emodin and rhubarb inhibited HDAC activity similarly in a
test tube, as both inhibited HDAC activity in a fast-on slow-off manner. Additionally,
rhubarb blocked intracellular- and receptor-mediated cardiomyocyte hypertrophy in a
comparable manner to Emodin. Of interest, Emodin reduced HDAC activity concomitant
with increased histone acetylation. As these epigenetic modification data suggest
differential gene expression, we next compared and contrasted the effects of Emodin to a
well-known HDAC inhibitor, Trichostatin A (TSA), on gene expression in
cardiomyocytes. Our data showed that Emodin and TSA affected similar pathways but
also different. These data make sense as phytochemicals, per Chapter 2, indeed act in
multi-faceted manners, including via HDAC inhibition. Finally, we found that the effects
of Emodin in cardiomyocytes were reflected in hypertensive mice. Thus, we found

Emodin to be cardioprotective both in vitro and in vivo.

Finally, we found it interesting that Emodin blocked hypertension-induced
hypertrophy in mice despite lacking distribution to the heart. The microbiome has been
implicated in heart failure. For example, germ-free mice infused with angiotensin 11 do
not develop hypertension, hypertrophy nor fibrosis to the extent of their conventionally
raised counterparts. Thus, we sought to characterize the effects of Emodin on
hypertensive and healthy mice(Chapter 4). Our data linked the cardioprotective actions
of Emodin in hypertensive mice with enrichment of Akkermansia (Chapter 4), a microbe
that had previously been shown to be efficacious for diabetes and atherosclerosis.

Intriguingly, healthy mice given Emodin via oral gavage also had enriched Akkermansia



which suggests Emodin increases microbial abundance of Akkermansia independent of
administration route. Other notable microbes that were enriched in healthy mice

supplemented with Emodin included Roseburia and Allobaculum.
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Chapter 1. Literature Review: which contains excerpts from my previously

published review articles:

e “Food Bioactive HDAC Inhibitors in the Epigenetic Regulation of Heart
Failure” (2018) Nutrients. doi: 10.3390/nu10081120.

e “Dietary natural products as epigenetic modifiers in aging-associated
inflammation and disease” (2020) Nat Prod Rep 2020 May 1;37(5):653-
676. doi: 10.1039/c9np00057g. Epub 2020 Jan 29. - Reproduced by

permission of The Royal Society of Chemistry.



1. Cardiovascular disease (CVD)

Heart disease remains the leading cause of death around the world.! This is
concerning beyond the financial and mortality issues, as the heart supplies oxygen and
nutrients to and removes toxins from the human system. Thus, the pumping function of
the heart (i.e., systole (contraction) and diastole (relaxation)) is particularly important to
human life. Essential to this function are cardiomyocytes, the muscle cells that make-up
70-80% of the heart’s mass but only 30% of the heart’s cells.? In response to the sinus
node and conducting cells, cardiomyocytes force nutrient-rich blood out of the heart to
the body, with ventricular cardiomyocytes generating this force more so than atrial
cardiomyocytes. However, injury or insult to cardiomyocytes results in cardiomyocyte
death, remodeling such as enlargement, and cardiac fibrosis as well as dysfunction.

1.1. Hallmarks of CVD Involving the Myocardium

Cardiomyocyte death is oftentimes associated with post-myocardial infarction.®
The death of cardiomyocytes is particularly concerning as cardiomyocytes are one of the
few types of cells in mammals that cannot regenerate.* This is because cardiomyocytes
experience terminal differentiation and lose their ability to proliferate three days after
birth.> Several signaling pathways, including extracellular signal-regulated kinase (ERK),
cyclic AMP-dependent protein kinase (PKA)-activated p38, necrosis factor kappa B (NF-
kB), and protein kinase B (Akt), regulate cardiomyocyte death.® Of note, the signaling
transduction cascades that regulate cardiomyocyte death redundantly regulate cardiac
hypertrophy.” Thus, by inhibiting these signaling cascades, heart cell death and

hypertrophy may be attenuated.



In response to stressors, such as hypertension, toxins or myocardial infarction, the
heart will enlarge which is known as cardiac hypertrophy.” However, an enlarged heart is
not the result of newly synthesized cardiomyocytes as, again, these cells are unable to
proliferate or divide.® Instead, cardiomyocytes themselves enlarge which then translates
to the phenotype of cardiac hypertrophy. Cardiac hypertrophy can be adaptive, which is a
compensatory response to acute stress allowing physiological functions to maintain, or
maladaptive, which results in pathological cardiac dysfunction and the deadly clinical
endpoint of heart failure. The signaling transduction cascades associated with cardiac
hypertrophy are complex.” Though, some common pathways are: the mitogen-activated
protein kinases (MAPKS) such as ERK, c-Jun N-terminal kinases (JNK) and p38; protein
kinase C (PKC); insulin-like growth factor 1/phosphoinositide-3-kinase/protein kinase B
(IGF1/P13K/Akt); and Janus kinases/signal transducer and activator of transcription
proteins (JAK/STAT).” These pathways are often therapeutic targets, yet, few have
shown clinical efficacy for CVD. This is not because of the lack of clinical relevance but

rather because of the off-target negative side-effects.

Cardiac fibrosis is an excessive accumulation of tissue made up of extracellular
matrix proteins (ECM), such as collagen, matrix metalloproteinases (MMPs) and tissue
inhibitor of matrix metalloproteinases (TIMPs), which interfere with physiological
cardiac function.® Cardiac fibrogenesis, which can be characterized by a deposition of
fibroblasts and fibroblast maturation into myofibroblasts, occurs in response to
cardiomyocyte death and other stressors as to maintain the integrity of the heart.
Inflammation and oxidative stress will also induce cardiac fibrogenesis.® Cardiac

hypertrophy and dysfunction, subsequently resulting in heart failure, can result from



cardiac fibrosis as fibrotic tissue will impair heart contraction and relaxation as well as
cardiomyocyte conductivity.®° Fibrotic cells secrete pro-inflammatory and pro-
hypertrophic stimuli, thus, exacerbating cardiac pathogenesis.® Finally, cardiac fibrosis is

found in most forms of CVD.8

As with the rest of the pathological processes in the heart, cardiac dysfunction is a
complex issue with several mechanisms involved. These mechanisms include molecules
involved in calcium handling, sodium/potassium pump regulation and phosphoinositide 3
kinase (PI3K) signaling. At the forefront of cardiac dysfunction is calcium handling and
its regulators, ryanodine receptor 2 (RyR2), sarco/endoplasmic reticulum Ca™-ATPase
(SERCA2a), Ca?*/ calmodulin-dependent protein kinase 11 (CaMKI1), phospholamban,
protein kinase A (PKA), sodium/calcium exchanger (NCX), L-type Calcium Channels
(LTCC), T-tubules and protein phosphatases. For example, a disbalance in
phosphorylation status of RyR2, SERCA2a or phospholamban can result in calcium
mishandling and subsequent cardiac dysfunction and heart failure.!* Additionally,

dysfunctional sodium pumps in the heart also results myocardial pathologies.?

Important particularly to the next section of Chapter 1, are the roles of oxidative
stress and inflammation in the pathogenesis of cardiovascular diseases. Many well-
characterized pathogeneses of the heart manifest from oxidative stress and inflammation,
and pro-inflammatory markers in circulation are used to (strongly) predict CVD risk.™
One of the most common of these oxidative stress/inflammation-induced heart diseases is
atherosclerosis. Chronic, low grade inflammation results in endothelium insult that

upregulates the inflammatory response around the affected site.** There, macrophages



take up oxidized apolipoprotein B (ApoB)-containing lipoproteins that accumulate in the
subendothelial space. The macrophages then transform into foam cells, which are
primary constituents of atherosclerotic plaques. Intriguingly, rupture or erosion of
atherosclerotic plaques initiate myocardial infarction (M), both of which mediate an
ongoing inflammatory response. Following M1, cardiomyocytes suffer injury or death,
which further exacerbates inflammation and cardiac remodeling,**>® a common hallmark
of heart failure. Cytokines produced from aforementioned cardiac insults activate free
radical producing signaling cascades involved in heart failure pathology, including
cardiac hypertrophy, fibrosis and dysfunction.'”'® These data suggest oxidative stress and
inflammation drive cardiac pathologies and are prime targets for CVD therapy.
1.2. Dietand CVD

Diet and nutrition play a key role in health and disease, in which dietary
intervention can ameliorate type Il diabetes, cancer progression and CVD.!° Poor dietary
habits attribute 13.2% to overall CVD mortality in the U.S.2° Similarly, hyper-caloric
intake is linked to the development of hypertension and type Il diabetes, two major risk
factors for CVD and HF.?! By reducing calories and body weight, low-density
lipoproteins (LDL), a classic marker and target of heart disease, have been shown to
additionally reduce.?? Conversely, saturated fat intake correlates with plasma LDL.?® The
American Heart Association, World Health Organization and Academy of Nutrition and
Dietetics have stressed that the consumption of fruits, vegetables and other plant-based
foods should compose the majority of ones diet to reduce the risk of developing CVD and
other morbidities.?*?® These foods are high in vitamins, minerals and phytochemicals

that actively participate in biological processes that govern health and are also low in



calories. Indeed, implementation of the dietary approaches to stop hypertension (DASH)
diet and the Mediterranean diet, which emphasize plant-based foods, substantially
improved cardiac function in patients at risk of HF.?® Unfortunately, plant-based foods
that contain beneficial nutrients and phytochemicals are, for the most part, under-
consumed in the U.S.2%24 Recent data suggest that plant-based foods confer health
independently of their essential nutrients.® Thus, phytonutrients may play the primary
role of protecting heart health and deterring heart disease.

2. Epigenetic Modifications

2.1.The Basics

Traditionally, epigenetic modifications regulate differential gene expression
independently from altering DNA sequences. Well-known epigenetic modifications occur
on DNA and histone proteins and include DNA methylation as well as histone
methylation, acetylation and acylation. Moreover, there are well-described catalytic
enzymes that add/remove these epigenetic modifications, which include: DNA
methyltransferases (DNMTSs) for DNA methylation; histone methyltransferases for
histone methylation; histone demethylases (HMDs) for histone demethylation; histone
acetyltransferases (HATS) for histone acetylation; and histone deacetylases (HDACS) for
histone deacetylation. DNMTSs, such as DNMTL1, promote gene repression by forming
hypermethylated-induced heterochromatin (chromatin condensation),®* inhibiting
transcription factors from binding at promoter sites on genomic DNA®? as well as
coupling with other gene repressing proteins such as HDACs.®® Histone deacetylation is
regulated by HDACs, which mediate histone hypoacetylation towards heterochromatin

and gene suppression, and HATS, which mediate histone hyperacetylation towards



euchromatin and gene upregulation. In contrast to histone acetylation, which primarily
occurs on lysine residues, histone methylation can occur on lysine, arginine and several
other amino acid residues on histone protein tails, subsequently resulting in either gene
expression or suppression.
2.3. Epigenetic Modifications and CVD

Epigenetic modifications have been characterized in CVD. A recent epigenome-
wide association study (EWAS) in myocardial infarct patients associated DNA
methylation at several gene promoter regions with CVD risk including associated blood
lipid levels that contribute to atherosclerotic events.® Further studies have also linked
hypertension and inflammation with methylation status.® While these studies focused on
methylation, others have reported changes in acetylation. For example, sirtuin levels were
reduced in CVD patients, linking changes in acetylation to CVD.*® Much like in age-
associated diseases described in above sections, sirtuin deacetylase activity has been
shown to have cardioprotective effects.®” Consistent with these findings, histone
acetyltransferase activity of p300 was shown to be necessary for agonist-induced cardiac
hypertrophy.3 Conversely, HDAC inhibition and histone hyperacetylation have been
shown to attenuate cardiac/cardiomyocyte hypertrophy and associated fetal gene re-
expression,®*4° cardiac fibrosis** and cardiac dysfunction.*? Class | HDACs seem to be
necessary for the pathological cardiac hypertrophy as well as inflammatory signaling.**44
Likewise, recent reports demonstrate an important role for HDACs in age-related
diastolic heart failure, where HDAC inhibition improved diastolic function.*® These data

combined, demonstrate an epigenetic role for DNA methylation and histone modification



in CVD risk and development, yet further studies are needed to determine the various
molecular targets of the HAT and HDAC enzymes that relay different outcomes.
3. Microbiome

The human body hosts trillions of microorganisms, with the highest densities
found in the gastrointestinal (GlI) tract. Indeed, microbial densities in the colon can reach
10* colony forming units per gram of content (cfu/g).*® 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.*” Moving down the Gl 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.*® 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. 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,*® including
atrial fibrillation,*® heart failure®® and elevated blood lipids and cholesterol.>°? In
addition, the gut microbiota has also been shown to modulate HDAC activity in the gut>
and may serve as a critical bridge between the beneficial effects of polyphenols and

improved cardiac function.

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® and often
used as a ratio to mark pathological gut dysbiosis.>® 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.*® 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,*® environment,’ prescription drug use® and, of interest, diet.>® 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.
3.1. 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).%° 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.®’ 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,%* while others have shown that changes in the human microbiome are linked to
CVD-related events and risks,* including atrial fibrillation,* heart failure,> elevated

blood lipids and cholesterol®*? and hypertension.®?
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Indeed, clear differences in microbial communities and metabolites, e.g., SCFAsS,
were observed between normotensive and hypertensive patients.®? 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.®® Animal experiments have strengthened the
microbiome-hypertension postulate, as germ-free mice exposed to angiotensin Il-induced
hypertension experienced attenuated cardiac fibrosis, inflammation and systolic
dysfunction compared to their conventionally-raised counterparts.®* Finally, Adnan et al.
showed an increase in the Firmicutes:Bacteroidetes ratio, a commonly used indicator of
gut dysbiosis, and systolic blood pressure in rats gavaged microbiota from spontaneously
hypertensive rodents.®® 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.

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.%® 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.®%%” 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
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that may influence host health is microbiota recomposition driven by phytochemical

exposure.58:69

4. Phytochemicals

Phytochemicals are secondary plant metabolites that are synthesized to help a
plant thrive or deter competitors, predators and pathogens.’®’* Phytochemicals can
further interact in human biological processes after ingestion to promote health. In fact,
phytochemicals classically reduce oxidative stress and attenuate inflammation which
benefit the heart.” Fruits, vegetables, nuts, seeds, legumes, whole grains, herbs and
natural spices are common dietary items that contain phytochemicals in varying
concentrations. Moreover, phytochemicals and their parent plants have been used in
traditional medicines for centuries. Thousands of phytochemicals have been identified to
date with more likely to be discovered and described.” Currently, phytochemicals are
characterized into one of six different classes: polyphenols/phenolics, alkaloids, N-
containing compounds, organosulfur compounds, phytoesterols, and carotenoids.”
Following is a brief description of the different phytochemical groups as well as some
compounds within these groups and their observed mechanisms in the heart. Eighteen of
these phytochemicals we identified to inhibit HDAC activity,” an action that has been
associated with blocking agonist-induced cardiomyocyte hypertrophy,3® which is why we
further investigated their cardioprotective actions in Chapter 2.
4.1. Polyphenols

The structure of polyphenols have been intensively reviewed.”®"8 Polyphenols are
highly abundant in the plant kingdom and comprise a family of molecules with more than

8,000 structural variants. These secondary metabolites contain many aromatic rings with
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one or more hydroxyl moieties.”® Hydroxyl groups are classically recognized in
oxidation-reduction reactions. Thus, many studies have focused on the anti-oxidant role
for polyphenols in CVD.” As polyphenols are among the most abundant bioactive
molecules in the plant kingdom, it is not surprising that polyphenols are among the most
abundant phytochemicals consumed in the human diet. For this reason, polyphenols are
important compounds to study in human health and disease. While oxidative stress and
inflammation are the classical targets for polyphenol health protection, recent research

indicates an important role for polyphenols in diet-gene regulation.8%8!

Polyphenols are divided by chemical structure into two primary groups: phenolic
acids and flavonoids. Moreover, polyphenols are distinguished by their hydroxyl moiety
and their aromatic, phenyl rings. Phenolic acids contain the subgroups: hydroxycinnamic
acids and hydroxybenzoic acids, while flavonoids contain the subgroups: flavanols,
flavonols, flavones, flavanones, anthocyanidins, isoflavonoids, and proanthocyanidins.
Other polyphenol groups include: lignans, stilbenes and quinones. Below, we highlight
the role for these polyphenol subgroups and their compounds as epigenetic regulators in
the heart.

4.1.1. Phenolic acids

Studies suggest that phenolic acids are inversely correlated with coronary heart
disease mortality and heart attack incidence.®? Phenolic acids contain two subgroups,
hydroxycinnamic acids and hydroxybenzoic acids, which differ in carbon backbone
length, with hydroxycinnamic acids containing an additional carbon bond. Both
hydroxycinnamic acids and hydroxybenzoic acids contain a functional carboxyl group

with potent metal chelation properties.® This would imply that hydroxycinnamic acids
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and hydroxybenzoic acids can chelate zinc in order to inhibit zinc-dependent HDAC
activity. Indeed, docking studies using HDACS confer that the carboxylic group of
phenolic acids strongly interacts with the zinc ion, resulting in high HDAC inhibition
potency.® Below we discuss recent findings regarding phenolic acid HDAC inhibitors in
the heart.
4.1.1.1. Hydroxycinnamic acids

Caffeic acid is one of the most abundantly consumed hydroxycinnamic acids.%
Caffeic acid is found in most fruits, particularly the skin of ripened fruit.®> However, the
largest source for caffeic acid consumption is coffee.85 Coffee has been linked to
improvements in CVD, where coffee consumption was inversely correlated with death
after acute myocardial infarction.®” These epidemiological findings suggest that coffee
and its phytochemicals have cardioprotective effects. Further in vitro and in vivo reports
demonstrated efficacy for caffeic acid in CVD models.®® Indeed, caffeic acid
ethanolamide, a caffeic acid derivative, ameliorated cardiac oxidative stress in
isoproterenol-induced HL-1 cells as well as in isoproterenol-induced cardiac diseased
mice.® Additionally, caffeic acid attenuated cardiac dysfunction and fibrosis through
HDAC regulation.® Similar to the pan-HDACI Vorinostat, caffeic acid phenethyl ester
attenuated cardiac hypertrophy and ameliorated cardiac dysfunction in I/R-injured
rabbits.® These therapeutic actions occurred in part by inhibiting MAPK activation.®® As
HDACS have been shown to regulate MAPK activity,* these data suggest that caffeic
acid-mediated inhibition of HDACSs protect the heart via MAPK inactivation. More
recently, caffeic acid was shown to inhibit class I, Ila and Ilb HDAC activity in cardiac

lysate.”® Unfortunately, no other studies have further examined the role for caffeic acid as
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a zinc-dependent HDAC inhibitor in heart failure. Further delineation of the
cardioprotective actions of caffeic acid and its derivatives would be of great interest due
to their high intake through coffee consumption. Additionally, other dietary
hydroxycinnamic acids such as coumaric acid and ferulic acid should be examined as
regulators of HDAC activity in the heart. Both coumaric acid and ferulic acid have been
reported to attenuate pathological cardiac remodeling. In addition, studies suggest that
ferulic acid inhibits HDAC activity.®~% Combined, these studies would suggest that
hydroxycinnamic acids protect the heart in part via direct changes in gene expression;
hydroxycinnamic acids inhibit HDAC activity, leading to hyper-acetylation of
nucleosomal histones.
4.1.1.2. Hydroxybenzoic acids

Compared to foods containing their subgroup relative, those that contain
hydroxybenzoic acids are consumed less and have lower phytochemical concentrations.*
However, berries such as blackberries and strawberries are commonly consumed and
contain substantial amounts of the hydroxybenzoic acids, gallic acid and ellagic acid.
Black tea is also a good source of gallic acid and is of particular interest due to its large
consumption and its correlation with reduced risk for coronary heart disease as well as
stroke.®”%8 In addition, these compounds have been examined as nutraceuticals that can
protect the heart.®*-12 For example, gallic acid has been shown to repress cardiac
remodeling via inhibition of genes involved in advanced glycation end products (AGE) in
rats.% Moreover, Umadevi et al.*® reported that gallic acid attenuated cardiac fibrosis via
inhibition of matrix melloproteinase (MMP) gene expression of MMP-2 and MMP-9.

Inhibition of MMP gene expression was linked to decreased inflammation and the
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intracellular signaling cascades, nuclear factor kappa beta (NF-xB) and extracellular
signal-regulated kinase (ERK). HDACSs have been reported to regulate both NF-xB and
ERK signaling, where HDAC inhibition attenuated NF-xB and ERK activity.*:44103
These data suggest that cardioprotective actions of gallic acid are partially mediated
through HDAC inhibition. Indeed, gallic acid was shown to dose-dependently inhibit
class Ila and 1lb HDAC activity resulting in cardiac protection.®® While this study
supports that postulate that hydroxybenzoic acid HDAC inhibitors protect the heart via
changes in gene expression, the evidence is far from conclusive. Thus, further studies are
warranted to examine the role for gallic acid and other hydroxybenzoic acids on global
changes in histone acetylation and gene expression.
4.1.2. Flavonoids

The largest polyphenolic group, the flavonoids, are aglycone structures that
contain two active phenyl rings, which vary in hydroxylation between its subgroups:
flavanols, flavonols, flavones, flavanones, anthocyanidins, isoflavonoids and
proanthocyanidins. Currently there are approximately 6,000 flavonoids that are found in
fruits, vegetables, herbs and medicinal plants. Research has shown that diets high in
flavonoids reduced a person’s risk for developing CVD as well as reduced CVD
mortality rates. %1% Moreover, a meta-analysis of 15 cohort studies with 386,610
individuals and 16,693 deaths showed flavonoid intake was inversely correlated with
CVD mortality in a dose-dependent manner.1% Such findings confirm the importance of,
and validate policies directed towards, consuming more fruits and vegetables. Notably,
reports have shown that flavonoids have metal-binding chelating properties,°’1% and

thus suggest potential roles for flavanoids as HDAC inhibitors for cardio-protection.
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4.1.3. Flavonols

Flavonols are 3-hydroxy derivatives of flavones and contain a number of
commonly studied phytochemicals that include quercetin. Quercetin is the most
consumed flavonol and is abundant in tea, apples, onions and berries.*?*!1% Quercetin
intake is inversely correlated with ischemic heart disease mortality in a dose-dependent
manner.'! In addition, quercetin has been shown to protect against ischemia/reperfusion
injury, isoproterenol-induced cardiac injury, aortic constriction-induced cardiac
remodeling and diabetic cardiomyopathy.!!2-116 Of interest, two independent double-
blind, placebo-controlled trials demonstrated that quercetin ameliorated hypertension in
patients at risk for CVD and reduced plasma oxidized low-density lipoproteins (oxLDLS)
responsible for atherosclerotic disease. 17118 Few reports, however, have shown
quercetin’s mechanistic action of cardioprotection through acetyl-lysine regulation. Hung
et al. showed that quercetin attenuated oxLDL-induced atherosclerotic injury by
increasing the class 111 HDAC Sirt-1.11° Our lab demonstrated that quercetin inhibited
class I and 11 HDACs in bovine cardiac tissue.” Others have reported that quercetin can
inhibit class | HDACs in cancer cell models and that these actions are in part responsible
for the anti-carcinogenic actions associated with quercetin 2%121, As an HDAC inhibitor,
quercetin would alter the electrostatic interactions between DNA and histone proteins,
directly impacting gene expression and therefore effecting cellular fate. While the role for
quercetin in cardio-protection is undeniable, studies examining the epigenetic impact for
quercetin remain underexplored. Thus, further investigation for quercetin as an HDAC

inhibitor in cardiac biology is warranted.
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Kaempferol is a flavonol found in a variety of foods like teas, tomatoes, hops,
grapes, grapefruit, strawberries, broccoli, honey, apples and beans.*?> Kaempferol is the
second-most consumed flavonol in the U.S. behind quercetin, mostly in the form of green
and black tea.’®® Similar to quercetin, kaempferol intake is inversely correlated with

ischemic heart disease mortality*'

and kaempferol treatment is efficacious in in vitro and
in vivo CVD models.*?**?" Indeed, I/R-induced cardiac injury was ameliorated with
kaempferol treatment; this was linked to inhibition of the MAPK pathway.?51%6 As
HDAC inhibitors have previously been shown to attenuate MAPK signaling in the heart,
these data would suggest a potential role for kaempferol as an HDAC inhibitor.*14
Kaempferol has also been shown to attenuate cardiac injury and oxidative stress in I/R-
injured rats by inhibiting glycogen synthase kinase-3p activation (GSK-3p).*?” As the
class | HDAC, HDAC2 was recently shown to regulate GSK-3p signaling,*?® these data
support the postulate that kaempferol protects the heart in an HDAC-dependent manner.
Consistent with this postulate, kaempferol was recently shown to inhibit HDAC activity,
which led to increased histone acetylation.*?® Berger et al.*?° further showed that
kaempferol docked to class | HDACs 2 and 8 as well as class 1la HDACs 4 and 7,
suggesting that this binding may inhibit HDAC activity. Finally, we reported that
kaempferol inhibited HDAC activity and increased histone acetylation in cardiac lysate.”
As a next step, experiments are underway to determine if the cardioprotective effects of
kaempferol are mediated through HDAC-dependent inhibition. These studies would also
examine the impact for green and black tea extracts in the regulation of HDAC inhibition

and cardiac disease, although additional tea compounds would likely impart additive or

synergistic actions towards HDAC activity (e.g. EGCG). As others have shown that anti-
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carcinogenic actions for kaempferol are regulated, in part, through changes in lysine

acetylation,**°

we anticipate promising findings that would demonstrate that kaempferol-
dependent HDAC regulation links diet-gene interactions in an epigenetic-dependent

manner in the heart.

Myricitrin and its aglycone, myricetin, are two naturally occurring flavonols that
were first isolated in the early 1900s from bark of the bayberry tree (Myrica nagi).*®
Bayberry has been a cultural staple in Asian countries for over 2,000 years**? and the
tree’s therapeutic properties in traditional medicines have led to current studies of these
two flavonols. Myricitrin is primarily synthesized in the bayberry tree’s fruit, bark and

leaves,3

while myricetin is also found in a variety of other foods including tea, wine,
berries and vegetables. The majority of myricetin consumption is from tea; however, its
intake is quite low in comparison to other flavonoids like kaempferol and quercetin.1%
The bioactivity of myricetin and myricitrin are very similar to each other due to sharing
of functional groups. Both phytochemicals exhibit anti-inflammatory and anti-oxidant
properties, 2133 which have been suggested as a major mechanism for their
cardioprotective actions.**1* However, additional studies have reported cardio-
protection for myricitrin and myricetin that involve regulation of intracellular signaling
cascades and gene expression. For instance, myricetin was shown to attenuate I/R-
induced cardiac injury by inhibiting signal transducer and activator of transcription 1
(STAT1) activation;*®’ inhibition of JAK/STAT signaling would be expected to alter
gene expression in the heart. Two other reports showed that myricitrin attenuated diabetic

cardiomyopathy as well as hyperglycemia-induced cardiomyocyte apoptosis via changes

in PI3K/Akt and MAPK signaling.'*81% Cardiac myocytes exposed to hyperglycemic
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conditions and treated with myricitrin had reduced apoptosis via Akt-nuclear factor
erythroid 2-related factor 2 (Nrf2) inhibition.t3 Similarly, myricitrin attenuated diabetic
cardiomyopathy by inhibiting ERK phosphorylation, Nrf2 expression and NF-xB.™° As
Nrf2 and NF-«xB are transcription factors, these data would suggest that myricitrin
regulates cardiac gene expression via regulation of intracellular signaling cascades.
HDAC inhibitors have previously been shown to regulate Akt,**° MAPK
phosphorylation*>* and NF-xB.% Only one report to date, however, has shown
myricetin and myricitrin regulated lysine acetylation through HDAC inhibition.”™ Thus,
investigation into the role for these two compounds as bioactive HDAC inhibitors in the
heart is warranted.
4.1.4. Flavones

Flavones are synthesized from flavanones via flavone synthases. These
polyphenols distinctly contain a double bond between carbons two and three on the
heterocyclic pyran ring (also known as the C ring), which is further attached to an
aromatic phenyl ring.}*! Multiple hydroxyl groups that are attached to this phenyl ring
provide flavones with their function, especially regarding redox reactions.*! Flavone
consumption is less than flavonols, but are well-represented in research studies. Apigenin
and luteolin, as well as their glycosides, are two of the major flavones currently being
investigated in the heart. Apigenin is found in citrus fruits, onions, parsley and
chamomile.*? Several reports have shown that apigenin is cardioprotective.**3-14¢ Similar
to other flavonoids, apigenin was shown to attenuate I/R-induced cardiac injury via
inhibition of MAPK signaling'#3® and Nrf2 transcriptional activation.** These reports

are interesting as they suggest that apigenin protects the heart through intracellular
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signaling and gene expression. Again, inhibition of HDACs has been linked to MAPK
inactivation and control of transcription factor activation.***+1% |n addition, we and
others have shown that apigenin inhibits class | HDACSs activity.” Inhibition of HDAC
activity by apigenin has been linked to hyper-acetylation of histone proteins in cancer
models that contributes to cancer cell death.'*"*48 Collectively, these data would suggest
that cardio-protective actions for apigenin is controlled in part via HDAC-dependent

mechanisms that necessitate epigenome wide changes in gene expression.

Luteolin is commonly found in celery, parsley, broccoli, onions, carrots, peppers,
cabbages and apples.}*® These foods and other plants, such as the chrysanthemum flower,
have been used in traditional Chinese medicine for the treatment of hypertension as well
as to fight microbial infections.*>® Unlike other flavonoids, epidemiological studies
examining the cardio-protective role for luteolin remains unclear;'%:%°2 this may partly be
explained by the low intake of this flavone in the diet *1. In cell culture and rodent
models however, luteolin has shown clear cardio-protection. Mechanistic actions for
luteolin generally involve regulation of sarcoplasmic reticulum Ca®*-ATPase 2a
(SERCA2a).1%*1% SERCA2a is decreased in the failing heart, which leads to impaired
calcium-re-uptake and cardiac contractile dysfunction.®® Post-translational modification
of SERCAZ2a has been suggested as critical for SERCA2a function; modifications from
small ubiquitin-related modifier 1 (Sumol) and phosphorylation via MAPK activation
appear important for SERCAZ2a-dependent calcium re-uptake into the sarcoplasmic
reticulum.t®6157 Recent findings showed that class | HDAC inhibition promoted
SERCA2a SUMOylation;*8 this would be expected to improve cardiac contractility.

Notably, luteolin was reported to inhibit class | HDAC activity as well as increase lysine
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acetylation on histone H3 in cardiac myoblasts.” Further, docking studies demonstrated
that luteolin binds within the catalytic domain of class | HDACSs to inhibit HDAC
activity.*® Finally, luteolin was reported to attenuate cardiac dysfunction through
regulation of Akt and MAPK signaling.*>1%° Similar to other flavonoids, these data
would suggest that luteolin attenuates MAPK phosphorylation via inhibition of HDAC
activity and that this attenuates cardiac remodeling and dysfunction. This postulate is

currently being tested.

Scutellaria baicalensis was used as an herbal remedy in traditional medicine to
treat bacterial and viral infections, specifically hepatitis, but has since shown efficacy for
the treatment of hypertension, inflammation, oxidative stress and cancer.'®* While over
50 flavonoids have been isolated from this mint plant for traditional Chinese and
Japanese medicine, baicalin and baicalein constitute its major phytochemicals.'®? These
two phytochemicals only differ in that baicalein has a distinguishable aglycone.®® With
regards to the heart, baicalein'®4-1% and baicalin'®’-1"® have shown efficacy in ischemia-
and isoproterenol-induced cardiac dysfunction. Similar to other flavonoids, baicalein and
baicalin elicit cardo-protection by inhibiting oxidative stress, inflammation, as well as
attenuation of MAPK signaling.1°%-161164.166-169 Bajcalein was also reported to inhibit
cardiac hypertrophy and fibrosis in mice exposed to aortic constriction,*’* this was partly
explained by inhibition of ERK phosphorylation.t” Similar results were shown for
baicalin, in which baicalin-mediated ERK inactivation improved isoproterenol-induced

cardiac dysfunction,'®® bleomycin-induced pulmonary hypertension'’*

and myocardial
infarction.” These studies did not examine the epigenetic actions for baicalein or

baicalin in the regulation of heart function. Others have reported that baicalein inhibited
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HDAC4 and HDACS expression contributing to monocyte chemoattractant protein-1
(MCP-1) gene suppression in retinal ganglion cells.”® Baicalin was shown to inhibit
HDAC2 activity leading to suppression of inflammatory genes and improved pulmonary
function in mice exposed to cigarette smoke.!’® Other reports showed that baicalin
attenuated HDAC1 expression, which suppressed pain sensation in a rodent model of
spinal cord injury.t’” These findings demonstrate that baicalein and baicalin act as
potential HDAC inhibitors for the treatment of various disease. Coupled with our more
recent findings that baicalein and baicalin inhibited HDAC activity in cardiac tissue,”
these data would suggest that future studies for these two phytochemicals as epigenetic
regulator of cardiac function is warranted.
4.1.5. Flavanols

Flavanols, or catechins, are structurally similar to flavonols but differ in the
heterocyclic C ring; flavanols do not contain a double carbon bond that thus allows four
diastereoisomers to form from two chiral centers.1’® These phytochemicals are commonly
found in chocolate, in the skins of apples and berries as well as in teas. Notably,
epigallocatechin gallate (EGCGQG) is a flavanol that is abundant in the leaves of the green
Camellia sinensis plant.}’® The compounds in these leaves are mostly consumed as the
beverage green tea, and have been used in traditional medicines for thousands of years
around the world. Epidemiological research has shown that tea consumption is cardio-
protective, particularly in overweight and obese individuals.*®® Indeed, evidence supports
that EGCG is cardio-protective, and is particularly thought to improve heart function via
inhibition of oxidative stress and inflammation; these actions have been attributed to the

eight hydroxyl groups in EGCG.*®-18 |n these reports, EGCG was shown to inhibit
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diabetic cardiac dysfunction®218 and chemotherapy-induced cardiotoxicity.!8+18¢ |n
addition to its actions as an antioxidant and anti-inflammatory, EGCG acts as a
chelator.!8%1%° This suggests that EGCG can interact with and chelate zinc within the
catalytic domain of HDACs. In support of this, EGCG has been reported to inhibit
HDAC activity, although docking studies have yet to be performed.” In addition, EGCG
was shown to attenuate age-related cardiac dysfunction, in part, through increased
acetylation of histone H3 at the cardiac troponin I promoter; this increased troponin’s
expression and improved muscle function.!® Increased histone acetylation was likely
due to inhibition of class | HDAC activity.'®* Additional reports have shown that EGCG
inhibited HDACS activity in the heart, which led to FoxO1 hyper-acetylation and
attenuation of hyperglycemia-induced apoptosis;'®? FoxO1 plays an important role in
apoptosis.'® Based on these findings and considering that tea is heavily consumed
worldwide, it would be interesting to elucidate HDAC activity in the peripheral blood
mononuclear cells (PBMCs) of patients before and after green tea consumption. PBMCs
have been used as indirect read-outs for disease states in patients with type Il diabetes

and CVD.194’195

4.1.6. Flavanonols

Flavanonols are 3-hydroxy derivatives of flavanones and are also known as
dihydroflavonols.}”® Phytochemicals identified as flavanonols are sparse within the
literature. However, dihydromyricetin is a flavanonol that has been implicated in health

and disease.®® In regards to the heart, reports have shown that dihydromyricetin is

197

protective in I/R-induced cardiac injury,'®” angiotensin ll-induced cardiac fibrosis, %1%

200 201

diabetic cardiomyopathy<™ and lipopolysaccharide (LPS)-induced cardiac injury.
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Dihydromyricetin elicited its cardio-protective effects in part by acting as an anti-oxidant,
anti-inflammatory and an inhibitor of the NF-«kB pathway.?®-20* While no study has
examined the role for dihydromyricetin in the epigenetic regulation of gene expression,
recent findings from our lab showed that dihydromyricetin inhibited HDAC activity.”
These data, while preliminary, highlight the potential for dihydromyricetin as an
epigenetic modifier of gene expression for the prevention and or treatment of cardiac
disease.
4.1.7. Proanthocyanidins

Proanthocyanidins are abundant in the diet as they are found in fruits such as
grapes, peaches, apples, pears and berries as well as wine, tea and beer.?%? These
compounds are the subsequent products of catechins and form dimer, oligomer and
polymer complexes that promote their bioactivity.?%® Studies show that proanthocyanidins
protect the heart; many of these studies reported anti-oxidant and anti-inflammatory
properties for proanthocyanidins.?%® For example, grape seed procyanidin (GSP) was
shown to improve cardiac function by inhibiting inflammation and oxidative
damage.?%?%° A systematic review/meta-analysis examined GSP intake in the regulation
of blood pressure, heart rate, low density lipoprotein (LDL) and high density lipoprotein
(HDL) cholesterol, total cholesterol, triglycerides and C-reactive protein.2% This report
demonstrated that GSP extract lowered systolic blood pressure and heart rate but did not
significantly affect other cardiac markers. Other reports have shown proanthocyanidins
are efficacious for the treatment of human hypertension.?®” Consistent with these reports,
experimental rodent models of cardiac disease demonstrated that GSP extract protected

the heart in response to high fat diet,2°42052% doxorubicin-induced cardiotoxicity,?%-2%3



25

heavy metal-induced cardiac stress,?4-2% isoproterenol-induced HF?7-2'% and I/R
injury.?29-224 Additional studies reported that GSP extract lowered liver and blood
cholesterol and triglycerides;??>-2?® this would suggest CVD protection. Moreover, GSP
extract was shown to inhibit HDAC activity, specifically HDACs 2 and 3, and increase
histone acetylation in the liver;??® this was suggested to impact nuclear hormone receptor
expression and lower serum triglycerides.??® These results are interesting and suggest that
cardio-protective actions of GSP result from HDAC inhibition. This postulate is currently
under investigation.
4.2. Stilbenes

Stilbenes are a small group of phytochemicals that are derived from the
phenylpropanoid pathway via stilbene synthase.??® While stilbene concentrations are low
in the diet, resveratrol is an exception. Resveratrol is found in wine as well as grapes and
berries?® and has been credited for the “French Paradox;” CVD rates in France are lower
than the rest of the world despite their high intake of saturated fats.?! Indeed, studies
suggest that resveratrol is cardio-protective.?%232-234 Resveratrol was reported to
attenuate cardiac damage in response to myocardial infarction,?*%-2*° pressure
overload?*®-2* and hypertension.?*>-2*° These reports demonstrated resveratrol inhibited
oxidative stress and upregulated AMP-activated protein kinase (AMPK) expression and
activity.?3 Other reports have confirmed resveratrol improves AMPK levels in the
heart.?** AMPK senses energy needs and stress in the heart. In response to cardiac
remodeling, compensatory mechanisms activate AMPK;?* AMPK activation has been
shown to improve cardiac dysfunction.?! Thus, resveratrol-mediated activation of

AMPK is considered cardio-protective. In addition, resveratrol has been shown stimulate
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class 111 sirtuin HDAC activity. This topic has been thoroughly reviewed elsewhere.?%

Notably, the class I1l HDAC, Sirtl, regulates AMPK, thus leading to a mechanism by
which resveratrol-mediated activation of Sirtl stimulates AMPK expression and
activity.?® Sirt1 is a deacetylase that has been shown to deacetylate lysine residues on
histone tails.?>® Thus, most studies have shown that unlike the phytochemicals discussed
above, resveratrol attenuated diabetic cardiac remodeling concomitant with histone H3K9
deacetylation and changes in gene expression. This would suggest that class 111l HDAC
inhibition has negative consequences in the heart. It should be noted that recent
proteomics studies have shown that mitochondrial proteins are hyper-acetylated in failing
hearts. Moreover, hyper-acetylation of mitochondrial proteins likely results from down-
regulation of class 111 HDACs, which predominantly localize to the mitochondria.?*2>
While these data support a role for resveratrol in the “French Paradox,” doses of
resveratrol used in these studies significantly exceed concentrations found in the diet.?%
Nutraceutical companies, however, have developed supplements for human consumption.
These nutraceutical may impart benefits as a recent double-blind, randomized control
demonstrated that patients who received 500 mg resveratrol had reduced histone H3K56
acetylation, increased anti-oxidant activation in peripheral blood mononuclear cells
(PBMCs) and reduced body fat.2>® While resveratrol activates class 11l HDACs, its role
with zinc-dependent HDACs remains less well-studied. Resveratrol was shown to inhibit
class I, I and IV HDACs in hepatoma cells.?®” This would suggest that resveratrol can
stimulate the activity of class 11l NAD*-dependent HDACs and also inhibit zinc-
dependent HDACSs. Thus, bioactive food compounds may serve multiple epigenetic roles

in the control of human health and disease.
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4.3. Other Polyphenols

Turmeric is a yellow-pigmented spice that has been used in several cultures,
including Indian and Southeast Asian for centuries. Tumeric was traditionally used to
treat inflammation and flu-like illnesses.?*® Tumeric is isolated from rhizomes of the
plant Curcuma longa and contains several phytochemicals known as curcuminoids,
including the well-studied curcumin.?®® Curcumin is a polyphenol that has several
hydroxyl groups and two aromatic phenyl rings, each of which contain a functional
methoxy group.2>® Curcumin has been studied for the treatment of many diseases
including cancer, Alzheimer’s disease, rheumatoid arthritis and cardiac disease.?® In the
heart, curcumin has been shown to attenuate free fatty acid-induced injury,?%! I/R-induced
injury,?%? chemo-induced cardiotoxicity, 263254 hypertension-induced cardiac
remodeling,?®® diabetes-induced cardiac injury?®%27 and trauma-induced cardiac
dysfunction.2®® Moreover, reports suggest that curcumin’s cardioprotective effects are
translatable to humans.?%°-2"4 Of these, curcumin was shown to reduce circulating
triglycerides?’>-2 and improve cholesterol status,?’? which are two known risk factors in
the development of heart disease. Recently, curcumin was shown to inhibit p300/cAMP
response element binding protein (p300/CBP)-mediated GATA4 acetylation via
inhibition of HAT activity.?”>?’® GATA4 acetylation by p300/CBP stimulates GATA4
transcriptional activation and thus promotes pathological cardiac gene expression leading
to cardiac hypertrophy.?’” Moreover, adrenergic-agonist-induced cardiac myocyte
hypertrophy was attenuated with curcumin treatment concomitantly with GATA4
deacetylation as well as inhibition of GATA4-DNA binding in hypertensive rats.?’® In

addition to its inhibitory actions on HATS, curcumin was shown to act as a pan-HDAC
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inhibitor targeting zinc-dependent HDACs in cancer.?’® Similar to resveratrol, these data
suggest multiple levels of epigenetic regulation for curcumin in the regulation of diet-
gene interactions. These data also highlight curcumin as a promising nutraceutical for
CVD and HF; although continued work on curcumin bioavailability is warranted.?8%-281
4.3.1. Alkaloids

Dietary alkaloids are widely consumed. Alkaloids are precursor compounds that
can be derived from ornithine, lysine, tyrosine, tryptophan, nicotinic acid and purine.?82
For example, berberine is an isoquinoline alkaloid derived from tyrosine that naturally
occurs in edible and herbal plants including Hydrastis canadensis, Coptis chinensis,
Berberis aquifolium, Berberis vulgaris, and Berberis aristata. Moreover, traditional
Indian and Chinese medicines have used berberine-rich plants for the treatment of viral
and bacterial infections.?® More recently, berberine was shown to attenuate diabetes and
improve metabolic function.?428 |n these studies, berberine improved insulin sensitivity
through AMPK activation?® as well as reduced LDL, total cholesterol and circulating
triglycerides and increased HDL in the blood.?® This is of interest, as diabetes and
metabolic dysfunction are major risk factors for the development of cardiac disease. In
regard to the heart, berberine was shown to attenuate myocardial fibrosis in diabetic rats;
these actions were mediated through inhibition of TGF-B1/Smad.?® In addition, it has
been reported that berberine improved cardiac function in hypertensive rats by inhibiting
STAT3 binding and promoting STAT5a binding to the promoter region of the relaxin
gene; this increased relaxin gene expression and subsequently attenuated cardiac
fibrosis.?8” Switching of STAT3 for STAT5a at the relaxin gene promoter is controlled by

histone H3 acetylation.?®® This is critical, as we published that berberine hydrochloride
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inhibited class | and 1l HDAC activity.” Combined, these data would suggest that
berberine-mediated HDAC inhibition would increase histone H3 acetylation at the relaxin
gene promoter to inhibit cardiac fibrosis. Further examination of this hypothesis in the
heart would be interesting and provide epigenetic mechanisms by which berberine

regulates gene expression.

Danggui Longhui Wan is an active alkaoloid that has been used for over 4,000
years. Danggui Longhui Wan was the customary treatment for chronic myelocytic
leukemia and has had moderate success in leukemic disorders without major side
effects.?®® The primary bioactive phytochemical in the medicinal recipe, indirubin, has
since been isolated and characterized with several aromatic rings. The role for indirubin
in cancer has been intensively reviewed.?®® In regard to the heart, indirubin and its
derivatives protect against hyperglycemia-induced cardiac injury, aortic constriction-
induced hypertrophy, I/R injury, hyperlipidemia-induced cardiac injury and diabetes-
induced cardiomyopathy.?°*-2% Cardiac protection was shown to be mediated in part
through attenuation of c-Jun-N-terminal kinase (JNK) signaling, caspase-3-directed
apoptosis and NF-xB expression.?® Others have reported that indirubin regulated GSK-
3P signaling in order to protect cardiac function.?%2-2% These results are interesting as
class | HDACs have been shown to regulate GSK-3p signaling,'?® INK phosphorylation*
and NF-kB activation.!®® As we reported that indirubin inhibited HDAC activity in
cardiac tissue,” these data would suggest that cardio-protection is mediated in part
through HDAC-dependent actions. Further investigation is needed to elucidate the

epigenetic role for indirubin in diet-gene regulation within the heart.
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4.3.2. Isothiocyanates

Many foods contain phytochemicals with one or more sulfur groups and are
commonly known as organosulfur compounds. Of these, isothiocyanates have been
linked to attenuation of cancer, diabetes and CVD. Sulforaphane is an isothiocyanate that
is found in cruciferous vegetables like broccoli and cauliflower. Early studies showed
that sulforaphane inhibited zinc-dependent HDAC activity and thus blocked cancer
proliferation and induced cancer cell death.?°”-3% Importantly, these studies showed that
sulforaphane blocked HDAC activity in cell culture, rodents and humans fed broccoli
sprouts.?%392 |n experimental models of heart disease, sulforaphane attenuated
chemotherapy-induced cardiotoxicity,3%3% I/R injury, 3% angiotensin Il-induced
hypertrophy,3%” myoblast apoptosis,® diabetes-induced cardiomyopathy %1% and aortic
constriction-induced HF. 3! These studies consistently showed that cardio-protective
effects of sulforaphane were via inhibition of oxidative stress. This likely resulted from
Nrf2 upregulation,®®310 a transcription factor that regulates genes involved in the
oxidative stress response. As previously mentioned, class 11l HDACSs regulate
Nrf2,103:312313 |y addition to its actions directed at Nrf2 induction, sulforaphane was
shown to block oxidative stress-induced AMPK inhibition.3®® AMPK is downstream of
Nrf2 and upstream of the class 111 HDAC, Sirt1.2% In addition to its role in the regulation
of zinc-dependent HDACSs and sirtuins, sulforaphane was also shown to attenuate cardiac
hypertrophic gene expression by inhibiting GATAA4/6 transcriptional activation; this was
likely mediated by inactivation of the MAPKs.3** HDAC inhibition has previously been
shown to inhibit MAPK activity.* Conversely, HAT inhibition controls GATA4

acetylation and subsequent activation.?”>%’® However, no report examined the role for
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sulforaphane in the HDAC-dependent regulation of CVD or HF. This is interesting
considering its historical role as a pan-HDAC inhibitor in cancer. Moreover, sulforaphane
has been translated from bench to bedside demonstrating efficacy for this compound as
an HDAC inhibitor.3%132 Combined, these studies suggest further investigation of
sulforaphane as an epigenetic regulator of gene expression and cardiac function are
warranted. Similar to curcumin and resveratrol, sulforaphane likely regulates many
epigenetic pathways in the control of human health and disease, and these studies too
should be performed. Lastly, other isothiocyanates, including phenethyl isothiocyanate
(PEITC), should be investigated in the heart as preliminary evidence suggest a cardio-
protective role for PEITC3!® as well as a potential role for PEITC as an HDAC
inhibitor,31637
4.4. Other Food Bioactives

Butyrate is a short-chain fatty acid metabolized from bacteria within the large
intestine and is a well-known short-chain fatty acid HDAC inhibitor.3!® Recent data
suggests that gut bacteria play an important role in biological function that governs
human health and disease.®*® For example, these bacteria, or gut microbiota, synthesize
butyrate from consumed fibrous, plant-based foods and, once synthesized, butyrate has
been shown to inhibit cancer,?® diabetes®?® and CVD.%?! While no epidemiological
studies were found linking butyrate to heart health, there is no doubt that consuming
fruits, vegetables and other fibrous, plant-based foods are cardio-protective. Moreover,
experimental studies have shown that butyrate is cardio-protective; these studies
demonstrated that butyrate protects the heart in an HDAC-dependent manner.322323

Butyrate was shown to improve cardiac function via HDAC inhibition in diabetic
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mice.3??> Moreover, GLUT1 and GLUT4 were upregulated via GLUT1 acetylation and
p38 phosphorylation, leading to improvements in glucose uptake.®?? Similarly, butyrate
improved serum cholesterol and left ventricle function via HDAC inhibition in diabetic
mice.3?® Like butyrate, valproic acid has been shown to improve cardiac function by
acting as an HDAC inhibitor.3?* As valproic acid is currently approved for the treatment
of epilepsy, these data would suggest that short-chain fatty acid HDAC inhibitors are safe
and tolerated in humans. Thus, investigation of HDAC activity in the PBMCs of patients
treated with short-chain fatty acids would be of keen interest. However, it should be
cautioned that millimolar doses of short-chain fatty acids are required for HDAC
inhibition, and thus these compounds likely elicit off-target actions that may
contraindicate their therapeutic use for the treatment of CVD/HF.
5. Emodin

Plants contain enzymes like polyphenol oxidase that catalyze a multitude of
reactions such as oxidation-reduction. Quinones are one product of these reactions and
are synthesized from organic, aromatic compounds.3? Quinones are not aromatic but
conjugated, and contain at least one benzene-like ring with redox functionality.32®
Anthraquinones are a subgroup of quinones that participate in redox reactions, in
particular the regulation of hydrogen peroxide.3?® Emodin is an anthraquinone found in
plants often used in traditional Chinese medicines, such as buckthorn, knotweed, rhubarb

327 a5 well

and Da Huang, which is a primary ingredient for the decoction, Dahuang Fuzi,
as other plant-based foods like beans and cabbage.3?332° As herbal remedies, emodin-rich
plants have been used for viral and bacterial insults, kidney disorders and gastrointestinal

distress.
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5.1. Emodin and heart health

Due to its strong redox function and recently discovered anti-inflammatory
properties, emodin has been investigated in the heart. Reports showed that emodin
inhibited I/R-induced cardiac damage via improvements in mitochondrial redox
regulation.®333! Emodin was also reported to attenuate cardiac dysfunction in left
coronary artery ligated mice, in part, though inhibition of NF-xB signaling and
subsequently inflammation.3*? However, emodin is a strong metal chelator,®3 suggesting
that emodin can bind to and inhibit zinc-dependent HDACs. Consistent with this
hypothesis, our lab published that emodin inhibited class | and Il HDACs and increased
histone acetylation in cardiac myoblasts.” Further data from our lab suggest that emodin
inhibits cardiac myocyte hypertrophy, in part, through HDAC-dependent mechanisms.
Combined, these observations would suggest an epigenetic function for emodin via
HDAC inhibition. Our lab is currently investigating the in vitro and in vivo epigenetic
implications for emodin and emodin-rich foods like rhubarb to delineate its role in diet-
gene interactions.

5.2. Emodin as an epigenetic modifier

In relation to epigenetics, early reports showed emodin was efficacious in cancer
models by regulating DNA methylation.3343% However, recent evidence showed that
emodin was able to inhibit the removal of histone H3K27 trimethylation in macrophages
exposed to inflammatory stress.3¥ This was particularly apparent at promoter regions of
inflammatory signaling molecules, inducible nitric oxide synthase (iNOS), tumor
necrosis factor alpha (TNFa), interleukin 6 (IL6), interferon regulatory factor 4 (IRF4),

arginase 1 (Argl) and chitinase 3-like protein 3 (YML1) in M1 or M2 macrophage
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phenotypes.®¥” Further, emodin inhibited nuclear translocation of interferon regulatory
factor 5 (IRF5), nuclear factor kappa B p65 (NF-kBp65) and signal transducer and
activator of transcription 1 (STATL1) in M1 macrophages as well as STAT6 and IRF4 in
M2 macrophages. 33" Activation of macrophages by pro-inflammatory signaling
molecules is important to the anti-inflammatory response.3*® However, macrophage
hyperpolarization into either M1 or M2 phenotypes is deleterious to health.3%33 The M1
hyperpolarized macrophage is of particular interest in neurodegenerative disease and has
been suggested as a target for phytochemicals.3*° Indeed, emodin has been shown to be
protective in multiple neurodegenerative disease models, including cerebral ischemic
stroke,3** traumatic brain injury 32 and AD.**? In the above report, emodin restored the

balance away from M1 and M2 hyperpolarization phenotypes®’

and thus suggests that
emodin may provide protection against brain pathologies through epigenetic balancing of

macrophage activation versus hyperpolarization.

Emodin was recently shown to dose-dependently attenuate the NOD-, LRR- and
pyrin-domain containing protein 3 (NLRP3) inflammasome pathway in hypoxic-exposed
hearts and heart cells.>** The NLRP3 inflammasome synthesizes pro-inflammatory
byproducts and mediates inflammation-induced cell death, or pyroptosis.>* Indeed, this
report showed emodin blocked pro-inflammatory byproduct signaling, namely NF-«B,
and pyroptosis concomitantly with reduced scar tissue formation in the heart.3** As NF-
kB activity is regulated by HDACs, emodin may have blocked NF-kB activity through
HDAC inhibition. In this regard, our lab recently reported that emodin dose-dependently
inhibited cardiac-based HDAC activity and increased histone acetylation in cardiac

myoblasts.” HDAC inhibition is well-known to prevent and treat cardiac dysfunction in
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pre-clinical animal models of heart failure, as described above.3**2 Emodin likely
inhibits HDAC activity by chelating zinc ions within HDAC catalytic domains due to its
chelating properties.3*® Furthermore, other well-characterized HDAC inhibitors have
been shown to block NF-kB signaling,®*’ thus, further suggesting emodin is an HDAC
inhibitor that regulates pro-inflammatory signaling cascades. Finally, histone acetylation
mediates differential gene expression.®>">3# This suggests that emodin may reverse
stress-induced changes in the transcriptome. Experiments aimed at elucidating the
epigenetic-dependent actions of emodin in CVD models are currently underway.
Nevertheless, these data collectively suggest emodin inhibits pro-inflammatory signaling
and downstream insults; these actions potentially depend on emodin’s role as an HDAC

inhibitor.
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Chapter 2: Divergent and Overlapping Roles for Phytochemicals in the Regulation

of Pathological Cardiac Hypertrophy
Abstract

Plant-based foods, like fruits, vegetables, whole grains, legumes, nuts, seeds and other
foodstuffs, have been deemed as heart-healthy. The chemicals within these plant-based
foods, i.e., phytochemicals, are credited protecting the heart. However, the mechanistic
actions of phytochemicals which prevent clinical endpoints, such as cardiac hypertrophy,
are still being elucidated. Thus, we sought to characterize the overlapping and divergent
mechanisms by which 18 phytochemicals prevent agonist-induced cardiomyocyte
hypertrophy. Of the tested 18 compounds, six attenuated PE- and PMA-mediated
enlargement of neonatal rat ventricular myocytes. Cell viability assays showed that
Apigenin, Baicalein, Berberine HCI, Emodin, Luteolin and Quercetin Dihydrate did not
reduce cell size through cytotoxicity. Four of the six phytochemicals, Apigenin,
Baicalein, Berberine HCI and Emodin, robustly inhibited stress-invoked hypertrophy and
for which similar and differing anti-hypertrophic activities were analyzed further. For
example, western blot revealed the four phytochemicals differentially regulated mitogen-
activated protein kinases and protein kinase C/D. Further pathway analysis via RNA-
sequencing is expected soon. In closing, Apigenin, Baicalein, Berberine HCI and Emodin
blocked agonist-induced cardiomyocyte hypertrophy and did so through overlapping and
divergent mechanisms as representative by the differential regulation of mitogen-

activated protein kinase and protein kinase C/D phosphorylation.
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1. Introduction

Plants, both edible and non, have been shown to benefit the heart.*° In fact, several meta-
analyses have reported that diets rich in fruits, vegetables, whole grains, nuts, seeds and
other plant-based foods found in vegan/vegetarian diets, the Mediterranean Diet or the
DASH diet (Dietary Approaches to Stop Hypertension) reduce the risk of heart diseases
including heart failure.3%%-352 Certainly, a heart-healthy diet is one consisting of a wide
variety of plants.®®? Additionally, plant-based remedies have been used in Traditional
Medicine practices for centuries; food bioactives, or phytochemicals, contained in these
traditional medicines and plants have been shown to attenuate pathological cardiac

353

hypertrophy*>° and are thus often credited for cardioprotection.

Phytochemicals are synthesized by plants to aid in protection against UV rays,
pathogens and predators but can also interact in human biological processes after
consumption. Historically, biomedical research focused on the actions of phytochemicals
in reduction-oxidation reactions and immunological signaling.”? In these early reports,
phytochemicals offered cardioprotection through attenuated pathological cardiac
hypertrophy by reducing oxidative damage and attenuating inflammation.”> More recent
evidence however, demonstrates that phytochemicals can regulate other mechanisms to
inhibit pathological cardiac hypertrophy that includes regulation of signal transduction
(e.g., mitogen activated protein kinases (MAPK)), contractile function (e.g., Ca®*
handling) and epigenetic modifications (e.g., histone deacetylase (HDAC) inhibition).3**
As such, phytochemicals may act as natural pharmacological agents that prevent

pathological enlargement of the heart through a myriad of cellular changes.
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In this report, we examined the inhibitory actions of eighteen phytochemicals in a
cellular based model of pathological cardiac hypertrophy. Of these 18 screened
phytochemicals, six: Apigenin; Baicalein, Berberine Hydrochloride (BHCI); Emodin;
Luteolin; and Quercetine Dihydrate (QD) inhibited pathological cardiac hypertrophy in
response to two distinct agonists (pheneylepherine (PE) and phrobol 12-myristate 13-
acetate (PMA)). Potent inhibition (i.e. >80%) was noted for four of these phytochemicals:
Apigenin, Baicalein, BHCL and Emodin. As mentioned above, phytochemicals are
pleiotropic. Consistent with this, we report that these four phytochemicals potently
inhibited pathological cardiac hypertrophy by regulating overlapping as well as divergent

changes in global gene expression and signal transduction pathways.
2. Results
2.1. Six phytochemicals attenuated pathological cardiac hypertrophy.

Pathological cardiac hypertrophy is characterized by enlarged and weakened
cardiomyocytes and has been shown to impair heart function and result in heart failure.
Likewise, inhibition of pathological cardiomyocyte hypertrophy has been shown to
improve heart function.3°3% Here, we sought identify phytochemicals that could inhibit
pathological cardiac hypertrophy. As such, we screened 18 phytochemicals in a model of
pathological cardiac hypertrophy: Apigenin; Baicalein, Baicalin; BHCI; Caffeic acid;
Dihydromyrcetin; Emodin; Epigallocatechin Gallate; Gossypol; Hematoxylin; Indirubin;
Kaempferol; Luteolin; Morin hydrate; Myricetin; Myricitrin; Palmatine and QD. For
these studies, we induced hypertrophy in neonatal rat ventricular myocytes (NRVMs) by

stimulating with either an a1-adrenergic receptor agonist (phenylephrine; PE) or an
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intracellular agonist (phorbol 12-myristate 13-acetate; PMA) prior to co-spiking with one
of 18 dietary compounds. Baicalin, Caffeic Acid and Dihydromyricetin did not attenuate
cardiomyocyte hypertrophy under any condition (Table 1). Gossypol and Myricetin
appeared toxic as NRVMs treated with these two compounds died in culture.
Hematoxylin, Kaempferol, Myricitrin and Morin hydrate blocked PMA-induced
hypertrophy with no effect noted for PE-induced hypertrophy; Hematoxylin was the only
compound with considerable inhibitory actions (Table 1). In contrast, Indirubin and
Palmatine only blocked PE-induced cardiomyocyte hypertrophy (Table 1).

Epigallocatechin (EGCG) showed little effect on either hypertrophic agonist (Table 1).

Of the 18 compounds screened, Apigenin, Baicalein, BHCI, Emodin, Luteolin and QD
were the only compounds that attenuated pathological cardiac hypertrophy in NRVMs
exposed to PE or PMA (Table 1; Figure 1). It is important to note that inhibition of
hypertrophy was not due to cytotoxicity, as these six phytochemicals did not decrease cell
viability (Figure 2). While Luteolin and QD did inhibit pathological hypertrophy (>40%
inhibition), Apigenin (>90%), Baicalein (>90%), BHCI (>50%) and Emodin (>75%)
demonstrated the strongest anti-hypertrophic actions (Table 1; Figure. 1). As such, we
sought to further characterize the overlapping and divergent mechanistic actions of these

four phytochemicals in the cardiomyocyte.
2.2. Phytochemicals regulate overlapping and divergent changes in gene expression.

As our data showed that Apigenin, Baicalein, Berberine HCI and Emodin affected
agonist-induced hypertrophy differently, we next sought to characterize the divergent

mechanisms of these compounds in NRVMs via RNA-sequencing and subsequent
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pathway analyses. As shown in Figure 3A, Apigenin, Baicalein, Berberine HCI and
Emodin had clearly affected gene expression of the stressed cardiomyocyte differently
from and similar to one another. For example, 10 genes were normalized (away from PE-
treated cells) and shared between these four compounds while five were affected only by
Emaodin, 24 only by Baicalein, 59 only by Apigenin and 39 only by Berberine (Figure
3B). Looking more closely at the primary pathways that were affected by the four
phytochemicals, inflammation (e.g., inflammatory response, cellular response to
interleukin-1 or response to lipopolysaccharide) was the leading or the second leading
pathway (Figure 3C). These data highlight the overlapping and divergent mechanisms of
phytochemicals. Indeed, clear overlap and divergence of mechanistic actions by
Apigenin, Baicalein, Berberine HCI and Emodin in the cardiomyocyte did occur. For
example, the RNA-sequencing data showed that one of the primary pathways affected by
Emodin was histone H3 lysine residue 9 acetylation. Berberine affected the drug

response. Finally, Apigenin affected extracellular regulated kinase (ERK) 1 and 2.
2.3. Phytochemicals regulate overlapping and divergent changes in signal transduction.

Several signal transduction pathways participate in causing the cardiomyocyte to
hypertrophy. The pathways of the mitogen activated protein kinases (MAPKS), protein
kinase D (PKD) isoforms and Janus kinase-signal transducer and activator of
transcription (JAK/STAT) through phosphorylation cascades will all drive heart
enlargement. Thus, we postulated Apigenin, Baicalein, BHCI and Emodin would regulate
MAPKSs, PKD and JAK/STAT in NRVMs exposed to PE. Our data showed that in

NRVMs spiked with vehicle and PE, phosphorylation increased in all the MAPKS (i.e.,
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JNK, ERK and p38), PKD and STAT3 (Figure 3). Apigenin reduced pJNK and pERK
but not phosphorylated p38 (Figure 3). Baicalein reduced JNK and p38 phosphorylation
but had little effect on ERK phosphorylation (Figure 3). Both BHCI and Emodin reduced
phosphorylation of all MAPKSs (Figure 3). In relation PKD isoforms, all phytochemicals
reduced pPKD; however, Emodin completely abolished pPKD (Figure 3). Apigenin,
Baicalein, BHCI and Emodin minimally reduced STATS3 activation. Finally, while these
four compounds affected MAPK and PKD signaling, they often did so differently. For
example, Emodin and Baicalein reduced JNK and ERK phosphorylation, but Baicalein
likely did more so. Coomassie stain showed that changes in protein expression from our
immunoblots were not due to loading irregularities (Figure 4). These data, indeed, show
the overlapping and divergent mechanisms that Apigenin, Baicalein, BHCI and Emodin

prevent agonist-induced cardiomyocyte hypertrophy.
3. Discussion

In this study, we screened 18 phytochemicals to identify compounds that would inhibit
pathological cardiomyocyte hypertrophy (Table 1). We report that six phytochemicals:
Apigenin, Baicalein, BHCI, Emodin, Luteolin and QD inhibited cardiomyocyte
hypertrophy in response to two distinct agonists, PE or PMA (Table 1, Figure 1). Further
examination of these compounds demonstrated overlapping and divergent regulation of
genome-wide changes in gene expression and signal transduction. These findings are
consistent with the fact that phytochemicals elicit a myriad of changes within cells that
involve changes in oxidation-reduction, inflammation, gene expression and intracellular

signaling.1%6:3435" Thus, our compounds likely regulate similar and divergent pathways to
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improve cardiac myocyte size that can ultimately improve cardiac function; this likely
contributes to the multi-faceted actions of fruits and vegetables in myocardial disease

protection.

Maladaptive cardiac hypertrophy is a complex event that exacerbates
cardiovascular disease (CVD) and contributes to heart failure and death. In response to
physiologic conditions like exercise, the heart enlarges to compensate for the increase in
peripheral vascularization and blood pressure changes.®® In contrast, chronic
pathological stimuli promote non-compensatory heart enlargement that results in a
weakened myocardium contributing to heart failure.®>® While compensatory and non-
compensatory cardiac hypertrophy can share similar intracellular signal transduction
pathways,’ they also show unique intracellular signaling signatures.® For instance, G
protein-coupled receptors (GPCRs) and their interaction with heterotrimeric G proteins,
such as Gai, Gag and Gas, have been reported to determine pathogenesis.? Indeed,
agonizing al-adrenergic receptors, such as with PE, activates this pathological GPCR
response.®®! PE-induced activation can further contribute to activation of mitogen-
activated protein kinase (MAPK) signaling and protein kinase D (PKD) signaling through

activation of GPCRs.361-363

Not surprisingly, inflammation was amongst the primary pathways by which
phytochemicals protected the stressed cardiomyocyte in our experiments. This is
important as inflammation, via C-reactive protein (CRP), predicts CVD which suggests
that targeting inflammation is efficacious to the pathological heart.>®* Certainly,

atherosclerosis, which is the formation of plaque within arteriole walls, is partially driven
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by inflammation.3®® Further, inflammatory T-lymphocytes and macrophages were shown
to localize within the cardiomyocyte, upregulate fibrogenic genes and cause cardiac
fibrosis.3® More importantly, inflammation has been shown to drive cardiac
hypertrophy.37 In fact, the pro-inflammatory cytokine, interleukin 6 has been shown in
several models to be critical for pathological cardiac remodeling.%-370 Of interest, signal
transducer and activator of transcription 3 (STAT3) may be important for interleukin 6-
mediated cardiac hypertrophy,®®® which we showed both to be downregulated by the
majority of these phytochemicals. Thus, our data are consistent with the majority of
science which shows that phytochemicals are cardioprotective by attenuating deleterious

inflammation.

The three most well-studied MAPKSs are ERK, JNK and p38, in which activation
has been implicated in pathological cardiac hypertrophy.3"* Phosphorylation of MAPKs
on their constitutive TXY motif is necessary and sufficient for MAPK activation.3"
Interestingly, recent reports have shown that threonine 188 (T188) auto-phosphorylation
of ERK drives PE-induced nuclear ERK compartmentalization necessary for pathological
hypertrophy and fibrosis in vitro and in vivo.3”® While we did not look at this site, it is
likely that several of our compounds would target this T188 phosphorylation for
inhibition. What’s less clear is if phosphorylation of the TxY motif of ERK regulates

compensatory vs. non-compensatory hypertrophy;3’3

although our data would suggest
that inhibition of ERK is one mechanism by which phytochemicals can inhibit
hypertrophy. Similar to ERK, there are conflicting reports for p38 phosphorylation of the

TxY motif. Indeed, p38 was shown to regulate the pro-hypertrophic transcription factor,

nuclear factor of activated T-cells (NFAT),®"* and inhibiting p38 activity with small
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molecule inhibitors (e.g., SB203580) can attenuate pathological cardiomyocyte
hypertrophy whereas p38 activation was shown to promote cardiomyocyte
hypertrophy.3”> On the other hand, in vivo transgenic activation of p38 did not alter
cardiac hypertrophy.3’® Again, this is interesting to note, as some of our compounds (i.e. )
attenuated p38 signaling while others did not change p38 phosphorylation (i.e. ). These
data might suggest that p38 plays an indirect role in regulating cardiac hypertrophy but is
not the major driver of this process. Not surprising, there are also contrasting reports
regarding JNK phosphorylation in cardiac hypertrophy, where JNK activation can inhibit
NFAT activity, while other reports have shown that JNK is activated in models of
cardiomyocyte hypertrophy.3””38 Again, we report that some of our compounds inhibited
JNK phosphorylation (i.e. ), while others showed no effect (i.e. ). Future studies will need
to be performed to determine if phytochemical-mediated inhibition of cardiomyocyte
hypertrophy is a direct result from changes in MAPK signaling, or if changes in MAPK

signaling are an indirect effect due to changes in cardiomyocyte hypertrophy.

The protein kinase C (PKC) and D (PKD) families have also been implicated in
cardiac hypertrophy.3%° For example, PKC-induced activation of PKD1 was shown to
phosphorylate class Il histone deacetylases, which led to HDAC translocation out of the
nucleus that allowed for induction of pro-hypertrophic genes.’® Apigenin, Baicalein,
BHCI and Emodin attenuated PKD phosphorylation at serine 744/748 (S744/748). It
should be noted that S744/748 phosphorylation of PKD confers activity.*® These data are

consistent with other reports showing that Emodin can inhibit PKC activity.?
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Lastly, we should note that several of these compounds are derivatives of each
other. For example, Baicalein is the aglycone of Baicalin and both are found in the
Scutellaria baicalensis Georgi plant. This as interesting as some studies report that
Baicalin prevents pathological cardiac hypertrophy, fibrosis and dysfunction in transverse

aortic constricted mice,®’

and others report that Baicalin in combination with other
phytochemicals is anti-hypertrophic.®® These data contrast our findings which suggest
that Baicalein inhibits hypertrophy whereas Baicalin does not block pathological
hypertrophy in primary cardiomyocytes. This could be for a variety of reasons that
includes metabolism in vivo of Baicalin, or as mentioned by Wu et al. Baicalin-induced
changes in the microbiome that would not take place in cell culture.®®! The microbiome
participates in second phase metabolism of phytochemicals, which would subsequently
synthesize systemically bioactive compounds and metabolites that could inhibit cardiac
hypertrophy and not the parent compound. With the emergence of the microbiome in

nutrition research, future research will likely yield new findings for phytochemical

metabolism in cardioprotection.
4. Conclusion

In conclusion, Apigenin, Baicalein, BHCI and Emodin all blocked PE- and PMA-induced
cardiomyocyte hypertrophy. Transcriptomic and signal transduction analysis
demonstrated that four of these dietary compounds impacted muscle cell enlargement
through overlapping and divergent pathways. Combined, these data suggest that
phytochemicals can regulate cardiac function through a myriad of actions within the cell

and are not limited to one mechanistic outcome (e.g. oxidation-reduction).
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5. Methods
5.1. Chemicals and Reagents:

The following dietary compounds were purchased from Selleckchem: Apigenin
(Selleckchem, Cat#- S2262), Baicalein (Selleckchem, Baicalin (Selleckchem, Cat#-
S2269), Berberine Hydrochloride (Selleckchem, Cat#- S2271), Cat#- S2268), Caffeic
Acid (Selleckchem, Cat#- S2277), Dihydromyricetin (Selleckchem, Cat#- S2399),
Emodin (Selleckchem, Cat#- S2295), (-)-Epigallacatechin Gallate (Selleckchem, Cat#-
2250), Gossypol Acetate (Selleckchem, Cat#- S2303), Hematoxylin (Selleckchem, Cat#-
S2384), Indirubin (Selleckchem, Cat#- S2386), Kaempferol (Selleckchem, Cat#- S2314),
Luteolin (Selleckchem, Cat#- S2320), Morin Hydrate (Selleckchem, Cat#- S2325),
Myricetin (Selleckchem, Cat#- S2326), Myricitrin (Selleckchem, Cat#- S2327),
Palmatine Chloride (Selleckchem, Cat#- S2397) and Quercetin Dihydrate (Selleckchem,

Cat#- S2347).
5.2. Neonatal Rat Ventricular Myocyte (NRVM) culture:

Cardiac ventricles from one- to three-day old Sprague-Dawley rats (Charles River) were
excised and minced before being digested in a calcium- and bicarbonate-free Hanks
HEPES (CBFHH) solution containing trypsin (Gibco Life Technologies) and DNasell
from bovine (Sigma-Aldrich). Isolated ventricular myocytes were then plated overnight
in gelatin-coated (0.2%, Sigma-Aldrich) cell culture dishes (6-wells and 100 mm dishes)
containing Minimum Eagles Medium (MEM, Genesee Scientific) with 10% calf serum, 2
mM L-glutamine and penicillin-streptomycin. The next day, NRVMs were washed with

Dulbecco’s Modified Eagles Medium (DMEM) before adding DMEM media containing
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Nutridoma-SP (Roche Applied Science). Finally, NRVMs were spiked with vehicle

(DMSO) or one of two hypertrophic agonists, phenylephrine (PE, 10 n M, Tocris
Bioscience) or phorbol 12-myristate 13-acetate (PMA, 50 nM, Sigma-Aldrich), and co-

spiked with one of the 18 dietary compounds listed above at 10 n M, except for Apigenin
which was dosed at 50 © M. NRVM data, both in immunoblotting and gene expression

(e.g., gPCR and RNA-sequencing), use treatments and samples from same NRVM prep.
5.3. Immunohistochemistry:

For immunohistochemistry experiments, a previously characterized protocol was
followed which will be briefly described here.®®2 After experimental treatment periods,
NRVMs plated in 6-well dishes were washed with phosphate buffered saline (PBS, 7.6
pH) and then fixed in 4% paraformaldehyde at room temperature for 20 minutes. Next, a
PBS solution containing bovine serum albumin (BSA, 3%, Fisher Bioreagents, BP1605)
and Nonidet NP-40 (0.1%, Sigma-Aldrich IGEPAL CA-630) was used to permeabilize
NRVM membranes. NRVMs were then incubated for two hours in a primary antibody
cocktail containing antibodies for the hypertrophic marker, atrial natriuretic factor (ANF,
1:1000, Phoenix Pharmaceuticals, H-005-24) and the sarcomeric protein, a-actinin
(1:750, Sigma-A7811). NRVMs were then incubated for one hour in a secondary
antibody cocktail (goat anti-rabbit Cy3, Jackson ImmunoResearch; donkey anti-mouse
FITC, Jackson ImmunoResearch) before being washed in PBS and briefly exposed to
Hoechst (10 uM, Invitrogen H3570). The EVOS FL Cell Imaging System (Thermo
Fisher Scientific) with DAPI, GFP and RFP imaging cubes were used to image nuclei,

cardiomyocyte sarcomeres and the perinuclear expression of ANF, respectively, at a 20x
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objective. Twenty images were captured per well, resulting in 60 images per treatment,

which were then used to analyze cell area via ImageJ software.
5.4. Cell Viability:

NRVMs in gelatin-coated 96-well plates were spiked with either dimethyl sulfoxide
(DMSO (veh), Pharmco-AAPER) or phenylephrine (PE, 10 uM, Tocris Bioscience) and
then co-treated with either Apigenin, Baicalein, Berberine Hydrochloride, Emodin,
Luteolin or Quercetin Dihydrate before incubated at 37 degree Celsius for 48-hours per
the experimental treatment period. Next, Invitrogen alamarBlue™ HS Cell Viability
Reagent, a resazurin-based reagent that is reduced to the highly fluorescent resorufin in
healthy cells, was used as described by the manufacturer instructions. Briefly,
alamarBlue™ was added to each well at a ratio of 10:1 media:alamarBlue™ and NRVMs
were incubated for one hour. BioTek Synergy was then used to measure fluorescence
with a 530 nm excitation filter and a 590 nm emission filter. Results were normalized to

DMSO-spiked NRVMs.
5.5. Immunoblotting:

After experimental treatments and incubation periods, NRVMs were washed with ice
cold PBS and lysed with PBS containing 300 mM NacCl, 0.5% Triton-X and HALT™
protease/phosphatase inhibitors. NRVM lysates were sonicated and centrifuged to then
separate the supernatant and pellet. The supernatant was isolated and used for
immunoblotting experiments. BCA reagents were used to measure protein concentration
of all samples as to normalize to 10 ug per sample for SDS-PAGE. Samples were

resolved with SDS-PAGE and transferred onto a nitrocellulose membrane which was
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then incubated overnight in a primary antibody cocktail of BSA (2.5%) in 1x Tris-
Buffered Saline and Tween® (TBST). Used antibodies were for JNK (Santa Cruz, Sc-
571), phosphorylated JNK (Cell Signaling, 4668), ERK (Santa Cruz, Sc-153),
phosphorylated ERK (Cell Signaling, 4370), p38 (Santa Cruz, Sc-7149), phosphorylated
p38 (Cell Signaling, 4511), STAT3, phosphorylated STAT3, phosphorylated PKC o/BII
(Cell Signaling, 9375), phosphorylated PKC pan (Cell Signaling, 9371), phosphorylated
PKD (Cell Signaling, 2054) and PKD (Cell Signaling, 90039). The next day, membranes
were washed in TBST prior to being exposed to horseradish peroxidase-conjugated
secondary antibodies (Southern Biotech). Finally, SuperSignal West Pico
Chemiluminescence System (Thermo Fisher Scientific) was used on membranes prior to
exposure on a ChemiDoc XRS+ Imager (BioRad). Coomassie Staining was used for
internal controls of immunoblotting; SDS-PAGE gels were stained with BIO-RAD’s Bio-

Safe Coomassie G-250 Stain following manufacture’s protocol.
5.6. RNA sequencing:

NRVMs were lysed with QIAzol (Qiagen) and RNA was isolated from treatment groups
(n=5) per the manufacturer’s instructions. Prior to synthesizing cDNA libraries, RNA
integrity (RIN) and concentrations were analyzed by the Nevada Genomics Center using
an RNA Agilent Bioanalyzer which confirmed RIN values were greater than 8.0.
Following the Illumina’s protocol, the TruSeq Stranded Total RNA containing Ribo-Zero
Human/Mouse/Rat kit (Illumina) was used to synthesize 1000 ng RNA into cDNA
libraries. Libraries were then validated using the DNA 7500 chip and then sequenced

using the NextSeq 500.
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5.8. Statistical analysis:

A minimum of three experiments with an n = 3 per experimental treatment group
was performed and data quantified. One-way ANOVA with Tukey's post-hoc was
performed unless otherwise specified using GraphPad7 (GraphPad Software, La Jolla,

CA). p <0.05 was considered significant.



Table 1. Phytochemical inhibitors of cardiac hypertrophy

% Inhibition Cell Size

Bioactive Food Compound PE PMA
Apigenin 100 91
Baicalein 100 100
Baicalin N.I. N.I.
Berberine Hydrochloride 100 52
Caffeic acid N.I. N.I.
Dihydromyricetin N.I. N.I.
Emodin 100 78
Epigallocatechin Gallate 48 14
Gossypol Toxic Toxic
Hematoxylin N.I. 76
Indirubin 38 N.I.
Kaempferol N.I. 30
Luteolin 62 40
Morin hydrate (Aurantica) N.I. 26
Myricetin (Cannabiscetin) Toxic Toxic
Myricitrin (Myricitrine) N.I. 40
Palmatine 81 N.I.

Quercetin dihydrate 45 42
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Figure 1: Six phytochemicals significantly inhibited cardiac hypertrophy under two
different conditions. A) Neonatal rat ventricular myocytes (NRVMs) were spiked with
or without phenylephrine (10 » M; PE) and then co-spiked with one of six
phytochemicals: Apigenin, Baicalein, Berberine Hydrochloride, Emodin, Luteolin or

Quercetin Dihydrate. All compounds were treated at 10 © M except Apigenin, which was

treated at 50 1 M, for 48-hours. Cells were fixed and immunostained with antibodies
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Figure 1 cont. directed against a-actinin or atrial natruetic factor (ANF). Cell nuclei were
stained with Hoechst. Cells were visualized with EVOS microscopy. Ten pictures were
taken per well and cell size was calculated using Image J software. GraphPad Prism was
used to examine statistical significance. One-way ANOVA with Tukey’s post-hoc
analysis was used. Significance was set at p<0.05. B) NRVMs were spiked and treated
with six phytochemicals as described above except phorbol myristate acetate (50 nM;
PMA) was used in place of PE. Cell area was quantified for PE spiked cells C) and for

PMA spiked cells D).
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Figure 2: Phytochemical treatment did not induce cell death. Neonatal rat ventricular
myocytes (NRVMs) were plated in 96-well plates, spiked with or without phenylephrine

(10 u M; PE) and co-treated with one of five phytochemicals: Apigenin (50 u M),
Baicalein (10 p M), Berberine Hydrochloride (10 x M), Luteolin (10 x M) or Quercetin
Dihyrate (10 n M). An n=8 was used per treatment group. After a 48-hour treatment

period, alarmaBlue™ was added at 1:9 (alarmaBlue™:media) ratio and incubated for 1
hour before fluorescence was measured at 560/590 Excitation/Emission. One-way
ANOVA with Tukey’s post-hoc analysis was used to assess differences in cell viability.

Significance was set at p<0.05.
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Figure 3: Phytochemicals share similar but also regulate divergent gene expression.
NRVMs were co-spiked with Phenylephrine (10 uM, PE) and Apigenin, Baicalein,
Berberine HCI and Emodin and incubated for 48-hours before isolating RNA via QIAzol.
RNA-sequencing libraries were prepared (n=5) using lllumina’s TruSeq Total RNA Prep.
A) The heatmap of gene expression data. B) Venn diagram of overlapping and divergent
gene. C) Kegg pathway analysis of the primary pathways affected by Apignein,

Baicaelin, Berberin HCI and Emodin in the cardiomyocyte.
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Figure 4: Phytochemicals regulated signaling pathways of cardiomyocyte
hypertrophy. Neonatal rat ventricular myocytes (NRVMSs) were spiked with or without
phenylephrine (10 uM; PE) in the absence or presence of one of four phytochemicals —
Apigenin (50 u M), Baicalein (10 x M), Berberine Hydrochloride (10 n M; BHCI) or
Emodin (10 x M) — for 48 hours prior to protein lysis. Protein lysates were prepared for
sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE). Samples

were incubated with antibodies against phosphorylated-JNK, total INK, phosphorylated-
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Figure 4 cont. ERK, total ERK, phosphorylated-p38, total p38, phosphorylated STAT3,

total STAT3, phosphorylated-PKD and total PKD
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Figure 5: Coomassie Stain of samples. Protein lysate from samples treated as Vehicle,

Phenylephrine (PE), PE + Apigenin, PE + Baicalein, PE + BHCI and PE + Emodin (n=2)

was ran via SDS-PAGE before stained with BIO-RAD’s Bio-Safe Coomassie for 1 hour.
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Abstract:

Pathological cardiac hypertrophy is a classical hallmark of heart failure. At the molecular
level, inhibition of histone deacetylase (HDAC) enzymes attenuate pathological cardiac
hypertrophy in vitro and in vivo. Emodin is an anthraquinone that has been implicated in
cardiac protection. However, it is not known if the cardio-protective actions for emodin
are mediated through HDAC-dependent regulation of gene expression. Therefore, we
hypothesized that emodin would attenuate pathological cardiac hypertrophy via inhibition
of HDACSs, and that these actions would be reflected in an emodin-rich food like rhubarb.
In this study, we demonstrate that emodin and Turkish rhubarb containing emodin inhibit

HDAC activity in vitro, with fast-on, slow-off kinetics. Moreover, we show that emodin
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increased histone acetylation in cardiomyocytes concomitant to global changes in gene
expression; gene expression changes were similar to the well-established pan-HDAC
inhibitor trichostatin A (TSA). We additionally present evidence that emodin inhibited
phenylephrine (PE) and phorbol myristate acetate (PMA)-induced hypertrophy in
neonatal rat ventricular myocytes (NRVMs). Lastly, we demonstrate that the
cardioprotective actions of emodin are translated to an angiotensin Il (Ang) mouse model
of cardiac hypertrophy and fibrosis and are linked to HDAC inhibition. These data
suggest that emodin blocked pathological cardiac hypertrophy, in part, by inhibiting

HDAC-dependent gene expression changes.

Keywords: Emodin, histone deacetylase, HDAC, cardiac hypertrophy, food bioactives,

heart failure
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1. Introduction

Pathological cardiac hypertrophy is a hallmark of heart failure that affects
millions of people and costs billions of dollars each year.?° In response to stress, muscle
cells of the heart, or cardiomyocytes, enlarge which leads to cardiac dysmorphism and
subsequent dysfunction, resulting in heart failure. Poor dietary habits such as the Western
Diet are associated with cardiac hypertrophy.3® Conversely, cardiac hypertrophy can be

prevented through proper dietary management.38*

A heart-healthy diet is defined by leading experts as one consisting mainly of
plant-based foods.?* Indeed, reports from cellular studies " as well as human 2° and
epidemiology analyses!®?! suggest that plant-based foods are beneficial to overall heart
health and deter heart disease. Plant-based foods like fruits, vegetables, whole grains and
legumes contain essential macronutrients and micronutrients including fiber, vitamins
and minerals. However, a building body of evidence suggests that benefits of these plant-
based foods are independent of their essential nutrients.>® This hints at the idea that other
chemicals in these foods, i.e., phytochemicals, drive their efficacy. Indeed,
phytochemicals have been shown to be cardioprotective; many of these early reports
demonstrate protection via inhibition of oxidative stress, inflammation and shifts in
intracellular signaling.1*8385-387 However, more recent evidence suggests that
phytochemicals can regulate epigenetic modifications contributing to global changes in

gene expression.3%*

Epigenetic modifications differentially regulate gene expression independent of
changes in DNA sequence. Lysine acetylation on histone tails is a reversible epigenetic

modification that is regulated by two enzymes: histone deacetylases (HDACS) and
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histone acetyltransferases (HATS).*% HDACs remove acetyl groups from lysine residues
on histones leading to nucleosome compaction and transcriptional repression. Eighteen
identified mammalian HDACSs have been separated into classes | (HDACs 1,2 3, 8), Il
(HDACs 4,5, 6, 7, 9, 10), I (Sirtl-7) and IV (HDAC 11). Class Il is further divided into
sub-classes Ila and Ilb. Of interest, inhibiting class I and Il HDAC activity is efficacious
in experimental models of HF3*“? and several phytochemicals have been characterized as
HDAC inhibitors.®* However, it remains unclear if phytochemicals protect the heart

through HDAC-dependent regulation of gene expression.

Emaodin is an anthraquinone phytochemical found in plant-based foods like
rhubarb, cabbage and beans.3?832%:38 Additionally, emodin-rich plants, including
buckthorn and knotweed, have been used in traditional medicines for centuries against
viral, bacterial and bowel abnormalities. In the heart, emodin has been reported to reduce

331 and attenuate inflammation.*? Recently, we showed

mitochondrial oxidative stress
that emodin inhibited HDAC activity in a test tube.” In this report, we sought to
elucidate the cardioprotective actions of emodin and emodin-rich rhubarb. We report that
emodin inhibited HDAC activity and increased histone acetylation in cardiomyocytes
concomitant to global changes in cardiac gene expression. Moreover, we report that
emodin normalized cardiac gene expression changes similar to the well-known HDAC
inhibitor TSA. Lastly, we demonstrate that emodin blocked pathological cardiac
hypertrophy in vitro and in vivo, consistent with its role as an HDAC inhibitor.

2. Materials and Methods
2.1 Reagents
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Emodin was purchased from SelleckChem (S2295) and Turkey rhubarb
purchased through Prescribed for Life (Sb15-H091519). Phenylephrine (PE; 10 uM) was
purchased through Tocris Bioscience, phorbol-12-myristate-13-acetate (PMA; 50 nM)
and trichostatin A (TSA; 200 nM) were purchased through Sigma-Aldrich. Emodin,
turkey rhubarb and TSA were prepared in dimethyl sulfoxide (DMSO, Pharmco-
AAPER).

2.2 HDAC Activity Assays

Bovine heart tissue was procured from the University of Nevada, Wolf Pack
Meats. Animal care and handling was approved by the University of Nevada, Reno,
Institutional Animal Care and Use Committee. HDAC activity assays were completed as
previously described 3. Each substrate is based on e-N-acylated lysine, derivatized on
the carboxyl group with amino methylcoumarin (AMC).3% Heart tissue lysate was
prepared in PBS (pH 7.4) containing 0.5% Triton X-100, 300 mM NaCl and
protease/phosphatase inhibitor cocktail (ThermoFisher Scientific) using a Bullet Blender
homogenizer (Next Advance). Tissue was clarified by centrifugation prior to
determination of protein concentration using a BCA Protein Assay Kit (Pierce). Tissue
(30 pug protein/well) was diluted in PBS for a total volume of 100 ul/well in a 96-well
plate. For concentration-response determination, tissue was dosed with increasing semi-
log scale concentrations of emodin (SelleckChem) or Turkey Rhubarb (Prescribed for
Life) for 2 hrs. For kinetic analysis, heart lysate was treated with 50 uM emodin or 100
mg/L turkey rhubarb at the prescribed time points. Class-specific HDAC substrates were
added (5 pl of 1 mM DMSO stock solutions), and plates returned to the 37 °C incubator

for 2 hrs. HDAC substrates for HDAC activity experiments were as follows: ZLPA
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(Class I, GeneScript custom peptide), 1-1985 (Class lla, Bachem, #4060676) and 1-1875
(Class IIb, Bachem, #4033792). Developer/stop solution was added (50 ul per well of
PBS with 1.5% Triton X-100, 3 uM TSA, and 0.75 mg/ml trypsin) and plates incubated
at 37 °C for 20 min. Subsequent to deacetylation, trypsin is used to release AMC,
resulting in increased fluorescence. AMC fluorescence was measured via BioTek
Synergy plate reader, with excitation and emission filters of 360 nm and 460 nm,
respectively. Background signals from buffer blanks were subtracted, and GraphPad
Prism used to calculate 1Cso values for each compound. In addition, NRVMs were treated
with PE (10 uM) and co-stimulated with either emodin (10 puM) or TSA (200 nM) for 48
hrs prior to cell lysis in PBS (0.5% Triton X-100, 300 mM NaCl and
protease/phosphatase inhibitors). Protein concentrations were determined via BCA and
HDAC activity assessed via class-selective HDAC substrates as described above.
Fluorescence was measured via a BioTek Synergy plate reader (excitation filter at 360
nm and emission filter at 460 nm). Finally, male and female C57BL/6 mice were
randomly assigned into groups to receive sham with vehicle (DMSO:PEG-300),
angiotensin 11 (1.5 pg/kg/min) with vehicle or angiotensin Il with emodin (30 mg/kg/day)
for 14 days. On day 14, left ventricles were dissected and flash frozen, later to be lysed in
PBS (0.5% Triton X-100, 300 mM NaCl and protease/phosphatase inhibitors). Protein
concentrations were determined via BCA and HDAC activity assessed via class-selective
HDAC substrates as described above. Fluorescence was measured via a BioTek Synergy

plate reader (excitation filter at 360 nm and emission filter at 460 nm).

2.3 HPLC
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An Agilent 1100 high performance liquid chromatography system, including a
programmable solvent delivery pump, autosampler, and diode-array UV detector, was
used for determination of emodin. Detection was set at 437 nm for emodin (6-methyl-
1,3,8trihydroxyanthraquinone) analysis. Emodin separation was carried out using a
Kinetex 5 um XBC18 100A 250 x 4.6mm column (Phenomenex, Torrance, CA). HPLC-
grade methanol and water were used as reagents (Fisher Scientific). Isocratic separation
was performed with a methanol/water (70:30, v/v) mobile phase at a flow rate of 0.8
mL/min. A stock emodin standard of 100 ug/mL was used to develop a seven-point
calibration curve following serial dilution with methanol. Rhubarb extract was prepared
in methanol at 100 mg/L. Each sample or standard was then sonicated for 30 minutes
prior to triplicate injection via HPLC. A 30 uL aliquot of all samples or standards were
injected directly into the HPLC system for quantitation. Emodin was identified in
unknown samples by retention time matching between standards and unknowns, and the
data was expressed in pg/mL.

2.4 Neonatal rat ventricular myocyte (NRVM) isolation and culture

NRVMs were prepared as previously described.3%? Briefly, hearts from 1-3-day-
old Sprague-Dawley neonates were collected and digested in a solution containing
trypsin (Gibco Life Technologies) and DNasell from bovine (Sigma-Aldrich).
Ventricular myocytes were isolated and then cultured in 100-mm dishes or 6-well plates
that were coated with gelatin (0.2%, Sigma-Aldrich). Cardiomyocytes were placed in
Minimum Eagles Medium (MEM, Genesee Scientific) with 10% calf serum, 2 mM L-
glutamine and penicillin-streptomycin and incubated overnight. Media was replaced the

next morning with Nurtidoma-SP (Roche Applied Science) and Dubelco’s Modified
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Eagles Medium (DMEM) prior to experimental treatments. Cells were co-spiked with
either hypertrophic agonist, PE (10 uM) or PMA (50 nM), and emodin (10 uM), turkey
rhubarb (100 mg/L) or TSA (200 nM) and incubated for 48 hours prior to being lysed or
fixed for experiments described below.
2.5 Immunoblotting

Cells were lysed in PBS containing 300 mM NaCl, 0.5% Triton-X and HALT™
protease/phosphatase inhibitors. Cell lysate was then sonicated and centrifuged (16,0009
for 5min) prior to BCA for protein quantification. Samples were resolved with SDS-
PAGE and transferred to a nitrocellulose membrane prior to overnight incubation with
primary antibodies for acetyl histone H3 lysine residues 9/14 (H3K9/14; Cell Signaling
Technology, 9677), H3K18 (Cell Signaling Technology, 13998s) and H3K27 (Cell
Signaling Technology, 8173s) as well as Total histone H3 (Cell Signaling Technology,
4499), phosphorylated ERK (Cell Signaling Technology, 4370), total ERK (Santa Cruz
Biotechnology; Sc-1647) and atrial natriuretic factor (ANP, Santa Cruz Biotechnology,
Sc-515701). The next day, horseradish peroxidase-conjugated secondary antibodies
(Southern Biotech) were used prior to exposing with SuperSignal West Pico
Chemiluminescence System (Thermo Fisher Scientific) on a ChemiDoc XRS+ Imager
(BioRad).
2.6 Immunostaining

NRVMs were plated in 6-well dishes and treated as described above. Plates were
fixed with 4% paraformaldehyde at room temperature for 20 minutes and prepared for
immunostaining as previously described.®®? After fixation, cells were permeabilized with

PBS containing bovine serum albumin (3%, Fisher Bioreagents, BP1605) and Nonidet
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NP-40 (0.1%, Sigma-Aldrich IGEPAL CA-630) prior to being incubated for two hours
with a primary antibody containing ANF (1:1000, Phoenix Pharmaceuticals, H-005-24)
and o-actinin (1:750 Sigma A-7811). Cells were then incubated with a secondary
antibody cocktail (donkey anti-mouse FITC, Jackson ImmunoResearch; goat anti-rabbit
Cya, Jackson ImmunoResearch) for one hour and briefly washed and incubated with
Hoechst (10 uM, Invitrogen H3570) in PBS. Cells were washed with PBS and imaged via
the EVOS FL Cell Imaging System (Thermo Fisher Scientific) at 20x. Twenty images of
cells were taken per well. Cells were then analyzed for cell area and ANF expression via
Image J (NIH Software).
2.7 Cell viability

NRVMs, spiked with either DMSO (veh), emodin (Emod, 10uM), phenylephrine
(PE, 10uM) or PE + Emod, were exposed to Invitrogen alamarBlue™ HS Cell Viability
Reagent (Thermo Fisher Scientific) for cell viability analyses. Following manufacturer
instructions, NRVMs were incubated with Invitrogen alamarBlue™ HS Cell Viability
Reagent (10:1, media with NRVMs:Invitrogen alamarBlue™ HS Cell Viability Reagent)
in gelatin-coated 96-well plates for 1 hour. Invitrogen alamarBlue™ HS Cell Viability
Reagent is resazurin based, which upon entering an NRVM will be reduced to the highly
fluorescent resorufin. After 1 hour incubation, fluorescence was measured via BioTek
Synergy plate reader, with excitation and emission filters of 530 nm and 590 nm,
respectively. Results were normalized to DMSO control and expressed as % cell
viability.

2.8 RNA-sequencing
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To analyze transcriptome-wide changes, RNA was isolated from NRVMs using
QIAzol (Qiagen). RNA integrity was assessed via RNA Agilent Bioanalyzer; all samples
achieved a RIN value >8. 500 ng of RNA was used for cDNA library preparation with
the Ribo-Zero Human/Mouse/Rat TruSeq Stranded Total RNA kit from Illumina. Set-B
Adapters (Illumina) were used for the cDNA library prep. Validation of library prep was
performed with the Agilent Bioanalyzer and sequencing performed in the Genomics

Center at the University of Nevada Reno via the NextSeq 500.

To assure the sequencing performance and library quality, we applied the RNA-
SeQC3% tool to assess the data quality of each sequencing dataset. We used the Sailfish
pipeline** to quantify the mMRNA expression from the raw sequencing data, using the
Ensembl®® rat gene annotation (Rnor_6.0). Transcript per million reads (TPM) was used
as the unit of human gene expression level. We used the edgeR algorithm>® to compare
the groupwise gene expression pattern. The TMM algorithm implemented in the edgeR
package was applied for reads count normalization and effective library size estimation.
Groupwise differential expression was estimated by the likelihood ratio test implicated in
the edgeR package. The genes were false discovery rate < 5% were deemed differentially
expressed. Supplementary Table 1 illustrates genes examined via RNA-sequencing.

2.9 Real-time gPCR

RNA was isolated as described above and RNA quantity determined via
NanoDrop Spectrometry ND1000. 500 ng of RNA was reverse transcribed to cDNA via
Verso cDNA Synthesis Kit (ThermoFisher Scientific). Quantitative real-time polymerase
chain reaction (qQPCR) was used to determine mRNA expression for select genes. In

short, cDNA underwent gPCR with Apex qPCR GREEN Master Mix (Genesee
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Scientific, 42-120) and the following IDT Primers were used: rat atrial natriuretic
peptide/factor (ANP, forward- GCC GGT AGA AGA RGA GGT CAT, reverse- GCT
TCC TCAGTC TGC TCA CTC A); rat b-type natriuretic peptide (BNP, forward- GGT
GCT GCC CCA GAT GAT T, reverse- CTG GAG ACT GGC TAG GAC TTC); rat
skeletal muscle alpha actin (Kcnc3, forward-, reverse-); and 18s ribosomal RNA
(forward- GCC GCT AGA GGT GAA ATT CTT A, reverse- CTT TCG CTC TGG TCC
GTC TT). Fluorescence was detected in real-time using the BioRad CF96X qPCR
instrument.
2.10 Experimental animals

Nine-week old C57BL/6 mice were housed at the University of Nevada, Reno.
All mice were maintained on standard chow and housed under standard 12h light/dark
cycle. Animal care and use was approved by the Institutional Animal Use and Care
Committee at the University of Nevada, Reno. At ten-weeks of age, C57BL/6 male and
female mice were randomized to receive vehicle control (Sham) or angiotensin Il (Ang)
for 14 days. 14-day micro-osmotic pumps (Alzet, model 1002) were subcutaneously
implanted in mice under isoflurane anesthesia; pumps contained angiotensin 11 (Bachem)
at 1.5 ug/kg/min or vehicle control. Mice in both groups were further randomized to
receive: 1) sham dosed with vehicle (1:1 DMSO:PEG-300 (Acros Organics)), 2) Ang
osmotic pump dosed with vehicle or 3) Ang osmotic pump dosed with emodin (30
mg/kg/day). Mice received intraperitoneal (IP) injection of vehicle or emodin every day
for 14 days. Three days prior to the end of the study, systolic blood pressure
measurements were taken via tail cuff using the Coda High Throughput System (Kent

Scientific); the first two days were used for acclimation and third day for data collection.
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At the end of the study, whole hearts and left ventricles (LVs) were weighed and
compared to tibia length for morphology analyses. LVs were also dissected for histology
and HDAC activity experiments.
2.11 Histology

Left ventricles (LVs) were fixed in 4% paraformaldehyde for 24 hours prior to
70% ethanol housing. LVs were then processed using the Leica ASP300S and paraffin
embedded using Leica EG1160. PicroSirius Red for collagen staining was performed on
LVs cross-sectioned at 5 um as previously described #!. Stained LVs were imaged using
the Keyence BZ-X700, and collagen staining was quantified using ImageJ software.
2.12 Statistical Methods

A minimum of three experiments with an n = 3 per experimental treatment group
was performed and data quantified. One-way ANOVA with Tukey's post-hoc was
performed unless otherwise specified using GraphPad7 (GraphPad Software, La Jolla,
CA). p <0.05 was considered significant.

3. Results

3.1 Emodin and emodin-rich rhubarb inhibited HDAC activity in a dose-dependent, fast-
on/slow-off manner

Emodin is a phytochemical commonly found in rhubarb.32638 Qur lab previously
identified emodin as a class I, lla and 11b HDAC inhibitor in vitro (Fig. 1A and 7°). As
such, we postulated that emodin-rich rhubarb would phenocopy HDAC inhibition.
Indeed, rhubarb inhibited class | and 1l HDAC activity in a dose-dependent manner
(1C50=100 mg/L, Fig. 1A). Similar to emodin, rhubarb inhibited recombinant class I, lla

and I11b HDACs (Supplemental Figure 1), only HDACs 2 and 6 differed between
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emodin and rhubarb. These experiments demonstrated that both emodin and rhubarb
inhibited HDAC activity at a single point in time. To determine HDAC inhibition
kinetics, we incubated cardiac tissue with emodin (50 uM) or rhubarb (100 mg/L) for 0.5,
1, 2,4, 8,12 or 24 hours prior to analyzing class I, 11a and I1b HDAC activity. Emodin
rapidly inhibited HDAC activity (0.5 hours), with prolonged HDAC inhibition out
through 24-hours (Fig. 1B). Rhubarb HDAC inhibition kinetics phenocopied emodin
(Fig. 1B). As the phytochemical profile of a plant can be affected by soil content, climate
and other environmental factors, we examined emodin content via high-performance
liquid chromatography (HPLC). We confirmed that emodin is a key component of a
turkey rhubarb extract (P4L, Fig. 2). Surprisingly, 100mg/L of turkey rhubarb contained
2.67 pg/ml of emodin which approximated to 10 uM, further supporting the postulate
that emodin-rich rhubarb inhibited HDAC activity. These results collectively suggest that
emodin is a fast-on, slow-off pan-HDAC inhibitor that is likely responsible for rhubarb-

dependent HDAC inhibition.

3.2 Emodin attenuated HDAC activity concomitant with increased histone acetylation in
cardiac myocytes

In vitro analysis above demonstrated that emodin inhibited HDAC activity,
however, these findings do not demonstrate inhibitory actions for this compound within
cells or tissue. Therefore, we sought to elucidate the actions of emodin on HDAC activity
and histone acetylation in neonatal rat ventricular myocytes (NRVMs). We postulated
that emodin would inhibit HDAC activity in NRVMs. To test this postulate, NRVMs
were co-spiked with phenylephrine (PE, 10 uM) in the absence or presence of vehicle

control, emodin (10 uM) or the well-established pan-HDAC inhibitor Trichostatin A
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(TSA, 200 nM). Cells were lysed after 48 hours for protein to assess HDAC activity. We
report that emodin significantly inhibited class I, I1a and I1lb HDAC activity, similar to
TSA (Fig. 3A). As HDAC:s catalytically reduce histone acetylation and we’ve shown that
emodin inhibits HDAC activity, we postulated that emodin would increase histone
acetylation in cardiomyocytes. To test this, we treated NRVMs with PE in the absence or
presence of emodin as described above. As hypothesized, emodin increased histone H3
acetylation on lysine residues 9/14 (Ac-H3K9/14), 18 (Ac-H3K18) and 27 (Ac-H3K27)
in NRVMs (Fig. 3B and 3C). Finally, a cell viability assay to verify that HDAC
inhibition and cardiac hypertrophy described below were not secondary to cell death.
NRVMs were dosed with either vehicle (DMSQO), emodin, PE or PE + emodin at
concentrations used in experiments above. No significant differences were observed

between treatments (Fig. 3D), suggesting that emodin at 10 uM is not cardiotoxic.

3.3 Emodin and rhubarb blocked receptor- and intracellular-mediated cardiomyocyte
hypertrophy

HDAC inhibitors have been shown to block cardiomyocyte hypertrophy *. Thus,
we postulated that emodin and emodin-rich rhubarb (P4L) would attenuate receptor- and
intracellular signaling-mediated cardiac hypertrophy in NRVMs. Cells were co-spiked
with either emodin (10 pM) or rhubarb (P4L, 100 mg/L) and either PE (10 uM) or PMA
(50 nM) and incubated for 48 hours prior to being fixed and stained with antibodies
against the sarcomere protein a-actinin (green), the hypertrophic marker atrial natriuretic
factor (ANF, red) and DAPI (nuclear stain, blue). Cardiomyocytes co-spiked with emodin
and either agonist were significantly smaller than those spiked without emodin (Fig. 4A,

4B, 4D and 4E). Rhubarb (P4L, 100 mg/L) similarly attenuated agonist-induced cardiac
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hypertrophy (Fig. 4A, 4B, 4D and 4E). Moreover, as emodin-treated NRVMs co-spiked
with or without phenylephrine showed no significant differences in cell viability (Fig.
3D), cardiotoxicity did not drive these observed differences in NRVM size. Therefore,
emodin blocked cardiomyocyte hypertrophy that was induced either by receptor- or
intracellular-mediated agonists, suggesting that emodin elicits cardioprotective actions

within the cell.

Activation of intracellular signaling cascades such as the mitogen-activated
protein kinase (MAPK) pathway as well as re-activation of fetal genes are common
features involved in pathological cardiac hypertrophy. Moreover, HDAC inhibition has
been shown to attenuate MAPK activation** and the fetal gene program.3°4° We thus
hypothesized that emodin would suppress MAPK activation and attenuate the fetal gene
ANF in NRVMs. To test this hypothesis, PE treated NRVMs were co-spiked with
emodin as described above. Cells were then lysed for immunoblotting experiments or
fixed and stained for ANF protein expression. Similar to cardiac hypertrophy, emodin
significantly attenuated the MAPK, extracellular signal-regulated kinase (ERK)
phosphorylation (Supp. Fig. 2A and 2B). In addition, emodin attenuated ANF (part of
the fetal gene program) protein expression (Fig. 4A, 4C, 4D, 4F, Supp. Fig. 2A and 2C).
Similar to emodin, rhubarb (P4L) also inhibited ANF protein expression (Fig. 4A, 4C,

4D, 4F).

3.4 Emodin reversed stress-induced changes in the cardiomyocyte transcriptome similar
to TSA

HDAC inhibitors such as the well-established inhibitor TSA regulate differential

gene expression in cardiomyocytes.3*” Moreover, HDAC inhibitors attenuate the fetal
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gene program. We thus postulated that emodin and TSA would similarly reverse PE-
induced differential gene expression in NRVMs. To test this postulate, cells were treated
with vehicle or PE. PE-treated NRVMs were co-spiked with either vehicle control,
emodin (10 uM) or TSA (200 nM), incubated for 48 hours and then lysed for RNA-
sequencing. We report that emodin normalized 54 genes that were upregulated with PE,
30 of which overlapped with TSA (Fig. 5A and 5B). Furthermore, 18 genes were
normalized with emodin that were downregulated in PE-treated NRVMs, 12 genes
overlapped with TSA (Fig. 5A and 5B). As mentioned above, pathological cardiac
hypertrophy is linked to re-activation of the fetal gene program and HDAC inhibitors
attenuate this re-activation.®>*° In keeping with these reports, emodin reversed agonist-
induced mRNA expression of the fetal genes atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP) (Fig. 5C), as examined by gPCR. Finally, our heat map showed
that emodin also upregulated genes that were suppressed by PE. Indeed, gPCR
demonstrated that emodin increased potassium voltage-gated channel subfamily C
member 3 (Kcnc3) mRNA (Fig. 5C). Combined, these data demonstrate that emodin
reverses stress-induced differential gene expression in cardiomyocytes, similar to the

pan-HDAC inhibitor TSA.

3.5 Emodin attenuated pathological cardiac hypertrophy and fibrosis in angiotensin I1-
infused mice

To elucidate the role of emodin in regulating cardiac hypertrophy in vivo, we
treated angiotensin Il (Ang)-infused male and female C57BL/6 mice with or without 30
mg/kg/day of emodin (Emod). After 14-days with Ang treatment in the absence or

presence of Emod, heart weight (HW) and left ventricle (LV) weight was examined and
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date normalized to tibia length (TL). As anticipated, Ang significantly increased systolic
blood pressure (Table 1), HW and LV weight in male and female mice compared to
vehicle control mice (Fig. 6A and 6C). However, HW and LV weight were significantly

attenuated with Emod treatment for male or female mice, Emod did not differ from Veh

control (Fig. 6A and 6C). Interestingly, differences in cardiac hypertrophy were not due
to attenuation of systolic blood pressure, as no significant difference was observed
between Ang and Ang+Emod male and female mice (Table 1). HDAC inhibitors have
also been shown to block angiotensin Il-induced cardiac fibrosis.** Consistent with this,
emodin significantly attenuated Ang-induced cardiac fibrosis in male and female mice
(Fig. 6B and 6D). Of note, treatment with emodin significantly inhibited class I and Ila
HDAC activity compared to Ang-treated male and female mice (Supplemental Fig. 3).
Combined, these data suggest that emodin protects the heart from pathological cardiac
hypertrophy and fibrosis in vivo, in part, by inhibiting HDAC activity.
4. Discussion

In this study, we showed that emodin attenuated pathological cardiac hypertrophy
in vitro and in vivo, with in vivo findings further demonstrating that emodin attenuated
cardiac fibrosis. A rhubarb extract rich in emodin, as confirmed via HPLC (Fig. 2),
similarly attenuated agonist-induced cardiomyocyte hypertrophy. These cardioprotective
events correlated with increased histone acetylation and attenuated HDAC activity in
NRVMs treated with emodin. Additionally, cardiac lysate spiked with either emodin or
rhubarb inhibited HDAC activity in a dose-dependent, fast-on, slow-off kinetic manner.
Emaodin also inhibited HDAC activity in the hearts of mice exposed to angiotensin II.

Finally, PE induced differential changes in the cardiomyocyte transcriptome; emodin
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reversed these changes similar to the well-established pan-HDAC inhibitor, TSA.
Combined, our data support our postulate that dietary food bioactive HDAC inhibitors
like emodin attenuate cardiac hypertrophy via transcriptome-wide changes in gene

expression.

Class I and I HDAC inhibition is efficacious in primary cell culture and animal
models of pathological cardiac hypertrophy. Antos and colleagues® first reported the
pan-HDAC inhibitor, TSA dose-dependently attenuated cardiomyocyte hypertrophy; this
was concomitant to increased histone acetylation and inhibition of the fetal gene
program, which is a set of genes (e.g., ANF and BNP) that are re-activated in
hypertrophic models in vitro and in vivo as well as in human HF.3%-4% _ater reports
further demonstrated that TSA increased histone acetylation and attenuated cardiac
hypertrophy and fetal gene program re-activation in mice exposed to pressure-overload-
induced hypertrophy.*® Consistent with these reports, our data showed that emodin
inhibited cardiac myocyte hypertrophy concomitant to increased histone acetylation and
inhibition of HDAC activity and the fetal gene program. HDACs regulate the removal of
acetyl marks from nucleosomal histones and as such control DNA accessibility leading to
global changes in gene expression.“* Not surprisingly, TSA has been shown to alter the
transcriptome in NRVMs, normalizing gene expression changes in response to
pathological stress. 3°*8 Consistent with these findings, emodin reversed stress-induced
changes in the cardiomyocyte transcriptome similar to TSA, supporting the postulate that
emodin inhibits cardiac enlargement via epigenetic regulation of HDAC activity. It
should be noted however, that complete overlap was not observed between emodin and

TSA, suggesting that emodin potentially regulates gene expression through other diet-
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gene mechanisms. Of interest, some of these overlapping genes were involved in
pathological cardiac hypertrophy and muscle contraction including the myosin light and
heavy chains and cardiac troponin as well as inflammatory mediators like interleukin 6.
Despite the non-complete overlap in gene expression, these are the first reports, to our
knowledge, demonstrating transcriptome wide changes in cardiac myocytes in response

to the dietary HDAC inhibitor emodin.

In addition to pan-HDAC inhibitors, class | selective HDAC inhibitors have been
shown to increase histone acetylation and inhibit cardiomyocyte hypertrophy in
NRVMs.%%2 Moreover, class | selective HDAC inhibition was shown to block transverse

aortic constriction-induced cardiac hypertrophy*®

as well as angiotensin Il-induced
fibrosis in mice.*! Unlike class I selective inhibitors, inhibition of the class 11 HDAC,
HDACG6 was shown to improve cardiac contractile function in a mouse model of
hypertension, independent of changes to cardiac hypertrophy.*? Combined, these reports
would suggest that targeting class | and Il HDACs contribute to cardioprotection via
improvements in cardiac enlargement and contractile function. In this study, we report
that emodin and emodin-rich rhubarb inhibited class I and Il HDAC activity, suggesting
that cardioprotection noted for fruit and vegetable intake is likely mediated through a

myriad of epigenetic and non-epigenetic mechanisms that contribute to normalization of

the transcriptome and improvements in muscle function.

Early reports involving non-epigenetic regulation showed that emodin
ameliorated oxidative stress and inflammation in the heart.3*44%34% For example, emodin

attenuated inflammation and apoptosis in cardiac myocytes in response to
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ischemia/reperfusion (I/R).3* Here, Ye and colleagues®** showed that emodin dose-
dependently reduced the nuclear factor kappa B (NF-kB) inflammasome pathway. Many
intracellular signaling cascades play fundamental roles in regulating pathological cardiac
hypertrophy and contribute to cardiac dysfunction, including NF-kB and the
MAPKSs.373405-407 Eor example, nuclear ERK activation has been shown sufficient to
drive cardiac enlargement and fibrosis in mice.3"34%7 Of significance, HDAC inhibitors,
including TSA, have been shown to down-regulate NF-kB% and MAPK activation.** In
particular, class I inhibition of HDACs was shown to attenuate ERK activation in cardiac
myocytes; this partially contributed to inhibition of pathological cardiac hypertrophy.**
Consistent with this report, we showed that emodin inhibited ERK phosphorylation in
NRVMs. Combined, these data would suggest that emodin elicits cardioprotection via
regulation of intracellular signaling cascades that are dependent on HDAC activity (e.g.

ERK and NF-xB).

Emodin is found in many plants, with high concentrations noted in rhubarb.328:32
We were unable to find human studies that examined rhubarb consumption or emodin
bioavailability from rhubarb consumption, yet would speculate low circulating levels of
the compound after a meal. While it is unlikely that rhubarb is consumed frequently or in
large amounts, it should be noted that our dose of emodin approximated 10 uM in 100
mg/L of rhubarb, our dose used in these studies. This dose of rhubarb would be
considered low in a meal. In addition, we reported fast-on and slow-off HDAC inhibition
with rhubarb or emodin. From these kinetic data, we would speculate that rhubarb need
not be ingested frequently for HDAC inhibition. Lastly, we would argue that an emodin

dietary supplement could also be considered for HDAC inhibition. Despite these
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speculations, however, emodin bioavailability remains low,*?84% suggesting the need for
research examining its interactions with the microbiome on heart health. Others have
taken a more direct approach by examining ways to improve emodin bioavailability e.g.

with nanoparticle encapsulation.*%°

In this study we focused on emodin within rhubarb and neglected the actions for
the other phytochemicals present. These additional phytochemicals likely played a role in
the discrepancy observed against the recombinant HDACSs, in which emodin inhibited all
HDACSs but HDAC4 while rhubarb inhibited all HDACs except for HDACs 2, 4 and 6
(Supplemental Fig. 1). It should be noted, however, that emodin and rhubarb similarly
attenuated stress-induced cardiac hypertrophy in NRVMs, suggesting that emodin is the
primary compound in rhubarb that epigenetically alters the transcriptome contributing to

anti-hypertrophic actions in the heart.

Lastly, reports have reviewed the therapeutic potential of HDAC inhibition in pre-
clinical models of HF;*1%4! however, no study or trial has been published (to our
knowledge) that cites HDAC inhibition as the primary or secondary target of any
pharmacological agent in the human heart. Several FDA-approved HDAC inhibitors,
such as Vorinostat (i.e. SAHA), are currently on the market to treat human T-cell
lymphoma, with several more in clinical trials for various cancers (clinicaltrials.gov). It
should be noted however that Xie and colleagues*'? showed efficacy for Vorinostat in
I/R-induced cardiac dysfunction; this study was important as it showed that HDAC
inhibitors could reverse stress-induced cardiac damage in a large animal model (i.e.

rabbit) and therefore has established efficacy for moving SAHA into clinical trials for HF
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patients. However, clinical trials are expensive and the duration from pre-clinical
experiments to FDA-approval is lengthy. Dietary compounds provide intriguing
preventative or therapeutic options for their current lack-of-oversight from the FDA, per
the Dietary Supplement Health and Education Act of 1994 (DSHEA) and can reach the

market without human study in a timely manner.
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and the National Heart, Lung, and Blood Institute of the NIH (R15 HL143496) and NSF
EPSCOR Track 11 (OIA-1826801) to B.S.F. Core facilities used for Research were

supported by NIGMS of the NIH (P20 GM103554).
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Figure 1. Emodin and rhubarb inhibit HDAC activity in bovine cardiac tissue with

fast-on, slow-off Kinetics. A) Bovine cardiac tissue was treated for 2 hours with

increasing doses of emodin (Top Panel) or turkey rhubarb (bottom panel) prior to

incubation with cell permeable fluorogenic HDAC substrates for 2 hours and developer

solution for 20 minutes. B) Bovine cardiac lysate was treated with emodin (10 uM; Top

Panel) or turkey rhubarb (100 mg/L) over time (24 hrs max) prior to incubation with the

cell permeable fluorogenic HDAC substrates followed by developer solution.

Fluorescence was assessed via BioTek Synergy plate reader with excitation/emission set

at 360/460 nm.
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Figure 2. Turkey rhubarb contains appreciable emodin as determined by HPLC.
High Performance Liquid Chromatography (HPLC) was used to determine emodin

concentrations within turkey rhubarb, 50 pg emodin standard was used to determine

emodin peaks and compare emodin concentrations within turkey rhubarb. Turkey rhubarb

spiked with emodin was used to verify the emodin peak. B) Emodin concentration was

quantified.
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Figure 3. Emodin inhibited HDAC activity in cardiac myocytes concomitant to
increased histone acetylation. A) Neonatal rat ventricular myocytes (NRVMs) were
incubated with phenylephrine (10 uM; PE) with or without emodin (10 uM; Emod) or
trichostatin A (200 nM; TSA) for 48 hours prior to protein lysis. Cells were lysed and
incubated against the cell permeable fluorogenic HDAC substrates for 2 hours and
developer solution for 20 minutes. Fluorescence was assessed via BioTek Synergy plate
reader with excitation/emission set at 360/460 nm. B) NRVMs were incubated with
phenylephrine (10 uM; PE) with or without emodin (10 puM; Emod) or trichostatin A
(200 nM; TSA) for 48 hours prior to protein lysis. Cell lysate was then incubated against
antibodies for acetylated histone 3 at lysine (K) residues K9/14 (Ac-H3K9/14), K18 (Ac-

H3K18), K27 (Ac-H3K27) as well as against total histone H3 (Total-Histone H3) prior to



87

Figure 3 cont. analysis via immunoblot. C) Acetyl Histone H3 proteins were normalized
to total H3 and quantitation performed via Image J software. D) NRVMs were treated
with DMSO or emodin (10 uM; Emod) with or without phenylephrine (10 uM; PE) for
48 hours prior to incubation with Invitrogen alamarBlue™ HS Cell Viability Reagent
(10:1, media with NRVMs:Invitrogen alamarBlue™ HS Cell Viability Reagent) for 1
hour. Fluorescence was measured via BioTek Synergy plate reader, with excitation and
emission filters of 530 nm and 590 nm, respectively. All statistical analyses were run in
GraphPad Prism Software. One-way ANOVA with Tukey’s Post-hoc analysis was used
for HDAC activity assays, while student’s t-test with Welch’s Correction used for

immunoblot analysis.
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Figure 4. Emodin and rhubarb inhibit cardiomyocyte hypertrophy. A) Neonatal rat

ventricular myocytes (NRVMs) were stimulated to hypertrophy with phenylephrine (10

MM; PE) in the absence or presence of Emodin (10 uM) or rhubarb (100 mg/L; P4L) for

48 hrs. Cells were fixed and immunostained with antibodies directed against a-actinin or

atrial natruetic factor (ANF). Cell nuclei were stained with Hoechst. Cells were

visualized with EVOS microscopy. Ten pictures were taken per well and cell size (area)

and ANF expression (pixels) were calculated using Image J software. GraphPad Prism

was used to examine statistical significance. One-way ANOVA with Tukey’s post-hoc

analysis was used. Significance was set at p<0.05. B) Cell area and C) ANF expression
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Figure 4 cont. was quantified. D) NRVMs were stimulated to hypertrophy with phorbol
myristate acetate (50 nM; PMA) in the absence or presence of Emodin (10 puM) or
rhubarb (100 mg/L; P4L) for 48 hrs. Cells were fixed and immunostained with antibodies
directed against o-actinin or atrial natriuretic peptide (ANP). Cell nuclei were stained
with Hoechst. Cells were visualized with the Invitrogen EVOS FL microscope. Ten
pictures were taken per well and cell size (area) and ANP expression (pixels) were
calculated using Image J software. GraphPad Prism was used to examine statistical
significance. One-way ANOVA with Tukey’s post-hoc analysis was used. Significance

was set at p<0.05. E) Cell area and F) ANP expression was quantified.
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Supplementary Figure 1. Emodin and rhubarb inhibit recombinant HDAC activity.
Recombinant HDACs were incubated with A) emodin (10 uM) or B) turkey rhubarb (100
mg/LI P4L) for 2 hours prior to the addition of cell permeable HDAC substrates.
Developer solution was added for 20 minutes fluorescence assessed via BioTek Synergy
plate reader with excitation/emission set at 360/460 nm. GraphPad Prism software was
used to visualize data and determine significance (p<0.05). One-way ANOVA with

Bonferroni’s Post-hoc was used to determine significance
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Figure 5. Emodin and TSA normalized PE-mediated cardiac gene expression
changes. Neonatal rat ventricular myocytes (NRVMs) were stimulated to hypertrophy
with phenylephrine (10 uM; PE) in the absence or presence of Emodin (10 uM) or
Trichostatin A (200 nM; TSA) for 48 hrs. RNA was isolated via Trizol prior to RNA-
sequencing analysis. A) Venn diagrams demonstrate gene expression overlap for emodin
and TSA. TSA and emodin normalized PE-induced cardiac gene (A; Left Panel) as well
as PE-suppressed (A; Right Panel) gene expression. B) A heat map representing overlap
for TSA and emodin normalization of PE-mediated genes. C) Pathological hypertrophy is
linked to re-activation of fetal genes. NRVMs stimulated as described above were lysed
for RNA. Quantitative PCR was used to examine fetal gene profiles for atrial natriuretic
peptide (ANP), brain natriuretic peptide (BNP) and potassium voltage-gated channel

subfamily C member 3 (Kcnc3). GraphPad Prism was used to examine statistical



Figure 5. cont. significance via one-way ANOVA with Tukey’s post-hoc. Significance

was set at p<0.05.
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Supplementary Figure 2. Emodin inhibited ANP protein expression and ERK
phosphorylation in cardiac myocytes. A) Neonatal rat ventricular myocytes (NRVMs)
were incubated with emodin (10 uM; Emod) for 48 hours prior to protein lysis. Cells
were lysed and incubated against antibodies for atrial natriuretic peptide (ANP),
phosphorylated ERK1/2 (phospho-ERK1/2) and total-ERK1/2 prior to analysis via
immunoblot. B) Phospho-ERK1/2 and C) ANP were normalized to total-ERK1/2 and
quantitation performed via Image J software. All statistical analyses were run in
GraphPad Prism Software. One-way ANOVA with Tukey’s Post-hoc analysis was used

to determine significance set at p<0.05.
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Figure 6. Emodin attenuated angiotensin Il-induced pathological hypertrophy and
fibrosis in male and female mice. C57BL/6 male and female mice were surgically
implanted with a sham (Veh) or micro-osmotic pump containing angiotensin Il (Ang; 1.5

ug/kg/min) and dosed with or without emodin (Emod, 30 mg/kg/day) for 14 days. 14
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Figure 6 cont. days post Ang, whole hearts and left ventricles were dissected and
assessed for hypertrophy and fibrosis. Whole heart weight to tibia length (HW/TL,
mg/mm) and left ventricle weight to tibia length (LV/TL, mg/mm) of sham (Veh), Ang
and Ang+Emod treated C57BL/6 male (A) and female (C) mice were examined at study
end (14 days). Left ventriclular collagen of sham (Veh), Ang and Ang+Emaod treated
C57BL/6 mice was assessed via PicroSirius Red staining for male (B) and female (D)
mice. ImageJ software was used to determine fibrotic area. GraphPad Prism was used to
examine statistical significance. One-way ANOVA with Tukey’s post-hoc analysis was

used. Significance was set at p<0.05.
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Supplementary Figure 3. Emodin inhibited class | and Ila HDAC activity in
angiotensin Il-treated mice. Classe I, lla and I1b HDAC activity was examined in the
left ventricles (LV) of Angll-treated male (A) and female (B) C57BL/6 mice treated with
or without emodin (Emod) for 14 days. LV lysate was incubated with substrates selective
of either class I, Ila or I11lb HDACs for 2 hours prior to developer solution and
fluorescence assessment via the BioTek Synergy plate reader (excitation/emission set at
360/460 nm). GraphPad Prism software was used to visualize data and determine
significance (p<0.05). Student’s t-test with Welch’s Correction was used to determine

significance.



Table 1. Physiological Measures of Angiotensin I1-infused Mice.
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Males Females
Vehicle ANG 11 ANG Il + Emodin Vehicle ANG Il ANG Il +Emodin
Study Start BW (g) 26.38 + 2.44 26.40 + 2.47 26.55 + 1.75 19.08 + 0.83 18.83 + 1.05 18.90 + 1.09
Study End BW (g) 26.89 +2.44 27.43+2.39 24.07 +1.62 21.16 +0.87 21.25+0.56 20.09 + 1.45
Systolic Blood Pressure (mmHg) |124.95 + 16.33 [141.17 + 15.80 * |134.85 + 21.11# 123.98+9.36  |149.32 + 14.77*|137.59 + 8.99#
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Chapter 4: Emodin inhibited hypertension-induced cardiac hypertrophy and

altered the gut microbiome.
Abstract

Hypertension is a primary risk factor for the pathogenesis of cardiovascular disease,
which is the leading cause of death around the world. One such cardiovascular disease
that results from hypertension is heart failure, for which investigation of novel
therapeutics is warranted. The gut microbiome has recently been implicated in heart
failure. Emodin was shown to prevent pathological cardiac hypertrophy and attenuate
fibrosis, two hallmarks of heart failure. Thus, we sought to associate the cardioprotective
actions of Emodin with the microbiome in hypertensive mice and then to delineate the
effects of Emodin on microbiota throughout the gastrointestinal tract and in feces of
healthy mice. Emodin indeed blocked hypertension-induced cardiac hypertrophy and
enriched microbial abundance of the cardioprotective bug, Akkermansia. Further,
microbial diversity reduced before normalizing come day seven in mice supplemented
with Emodin. Finally, Emodin enriched microbial abundance of the cardioprotective
bugs, Akkermansia, Roseburia and Allobaculum. Our data suggest that Emodin was
cardioprotective, in part, by enriching microbial abundance of bugs efficacious to the

heart, such as Akkermansia, Roseburia and Allobaculum.
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Introduction

Hypertension is a major public health concern that contributes to the development
of heart failure.! Hypertension impacts vascular resistance and loads the heart, which
contributes to scar tissue formation (fibrosis) and heart enlargement (hypertrophy); this

ultimately results in cardiac dysfunction and heart failure.!

According to the Global Burden of Disease study, poor quality diets have
contributed to the rise in hypertension, heart failure and other cardiovascular disease
components.** Indeed, diet is now considered the number one risk factor for preventable
diseases in the United States and other developed nations.** Understanding how nutrients
and other dietary components regulate cellular fate to promote health and longevity
affords clinicians an opportunity to identify dietary strategies that can reduce and
potentially reverse CVDs including hypertension and heart failure. This can be seen in
the literature where increased intake of fruits and vegetables is linked to
cardioprotection,'®41* and in which studies identified fiber, vitamins, minerals and
phytochemicals within these foods as capable of preventing and potentially treating

pathological cardiac hypertrophy, fibrosis and dysfunction,?%415416

Technological advancements have further impacted our understanding for diet in
CVD health. This is evident in recent studies of the microbiome, which has emerged as a
major player in CVD pathogenesis.>>®%®2 |n fact, distinct microbial communities can be
found in humans at risk of CVD ®* with dyslipidemia,>! atrial fibrillation,*® hypertension®?
and heart failure.>® More importantly, angiotensin Il-induced hypertension only increased

pathological cardiac hypertrophy, fibrosis and dysfunction in conventionally raised mice
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but not germ-free mice, suggesting that the microbiome is essential for hypertension-
induced changes in the myocardium.®* Consistent with this, fecal matter transplant (FMT)
from hypertensive rats led to hypertension and dysbiosis in non-hypertensive rats.®
Conversely, therapies that target and normalize the microbiome, similar to healthy
controls, improve hypertension in rodents and humans.*"-*1° As the diet plays a major
role in regulating the microbiome, dietary components have the potential to regulate
and/or maintain microbial homeostasis to prevent and/or ameliorate CVD and myocardial

dysfunction.

Recent attention has been given to phytochemicals over the last decade in the
prevention and treatment of CVD and pathological changes to the heart that results in
heart failure.342° Indeed, our group has published that an anthraquinone, emodin, found
in rhubarb, buckthorn, knotweed, beans and cabbage can inhibit pathological cardiac
remodeling.®>’ Other groups have also highlighted the cardioprotective actions of emodin
in the heart. For instance, Wu et al.*?* reported that emodin improved left ventricular
function via increased phosphorylation of protein kinase B/glycogen synthase kinase-3
beta (pAkt/pGSK-3p) in diabetic rats with cardiomyopathy.*?* Emodin was also shown to
attenuate activation of the NLR family pyrin domain containing 3 (NLRP3)
inflammasome that led to decreased cardiomyocyte death in response to ischemia
reperfusion (I/R) injury.®** As mentioned above, we reported emodin inhibited
pathological cardiomyocyte hypertrophy by attenuating Zn-dependent HDACSs, while
others have shown improvements via activation of NAD*-dependent HDACs,*"4?2 thus
indicating the emodin can regulate the genome via epigenetic interactions. However,

most of these studies focused on the actions of the parent compound, emodin, and
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examined direct actions within cell culture or through intraperitoneal injections. Few

423 nor have these

studies have examined the impact for emodin on the microbiome,
studies elucidated emodin-microbiome interactions in a model of CVD.

As the microbiome has been implicated in modulating phytochemical efficacy,*?*

it is imperative to elucidate the effects of emodin in the gut. Thus, the goal of this study
was to examine the effects of emodin on the microbiome of hypertensive and healthy
mice. Again, we observed that emodin attenuated pathological hypertrophy in
hypertensive mice, with no changes in blood pressure. However, we also report several
novel and interesting observations in this study: 1) hypertension decreased microbial
diversity and altered the microbiome, increasing pathogenic bacteria (e.g.
Lachnospiraceae); 2) emodin also decreased bacterial diversity in healthy mice by day 3
of ingestion, yet increased the expression of beneficial bacteria (e.g. Bacteroides
thetaiotaomicron); 3) emodin normalized the microbiome in hypertensive animals similar
to control mice and improved bacterial composition that favored leanness (e.g.
Roseburia) and cardioprotection (e.g. Akkermansia); and 4) lastly, microbial composition
was dependent on the route for emodin administration in which gavage dosed animals
saw an increased in selective protective bacteria (e.g. Roseburia), while intraperitoneally
dosed mice saw an increase in other protective bacterial species (e.g. Bacteroides
thetaiotaomicron) suggesting that liver metabolism of emodin may impact microbial
communities. While correlative, these findings suggest that the cardioprotective actions

of emodin are driven, in part, through the regulation of the microbiome.

Materials and Methods



102

Animal experiments: All animal studies were performed in accordance with the

University of Nevada Reno ICACUC. Female C57BL/6 mice were purchased from
Jackson Labs and arrived at nine-weeks of age. Animals were and housed in the Office of
Animal Resources at the University of Nevada, Reno. After one week of acclimation,
mice (10-weeks of age) were randomly assigned to receive a subcutaneous sham
operation (Sham) or a subcutaneous 14-day micro-osmotic pump (Alzet, model 1002)

that contained angiotensin Il (Angll, Bachem) which was administered at 1.5 pg/kg/min.

Mice that were assigned to receive Angll were further randomly assigned to receive an
intraperitoneal (i.p.) injection of vehicle control 1:1 solution of dimethyl sulfoxide and
polyethylene glycol-300 (DMSO, Pharmco-AAPER; PEG-300, Acros Organics) or
Emodin (SelleckChem, S2295) at 30 mg/kg/day dissolved in a 1:1 solution of
DMSO:PEG-300. Sham further received vehicle control via IP injection. The 14-day
experiment contained three different groups: non-hypertensive sham control (Sham);
hypertension plus vehicle control (Hypert); and hypertension plus Emodin at 30
mg/kg/day (Hypert+Emodin). An n=8 mice/group were used in these studies. Mice were
weighed and dosed with vehicle or Emodin via IP injection each day for 14 days. Mice
were acclimated to a tail cuff blood pressure system (Coda High Throughput System,
Kent Scientific) for 3-days prior to systolic blood pressure measurements at the study
end. Cecum and hearts were dissected at the end of study. Whole heart and left ventricle
weight was assessed. The tibia was dissected and measured. Heart weight (HW) and LV
weight was normalized to tibia length as well as body weight. Cecum (n=3) was used for

16S rRNA sequencing.
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Nine-week-old C57BL/6 mice were ordered from Jackson Labs and allowed to acclimate.
Ten-week old healthy mice were randomly assigned to receive vehicle (1:1, DMSO:PEG-
300) or Emodin at 30 mg/kg/day via oral gavage for seven days. Mice were weighed and
dosed every day for seven days. Feces was collected every day for seven days. An
n=4/treatment group was used for gavage studies. At study end, the gastrointestinal tract
was dissected into individual components of the small and large intestine as well as the
cecum. Tissues were immediately flash frozen and sent to Midwestern University for

DNA extraction and 16S sequencing. Daily feces was also analyzed via 16S sequencing.

Real-Time quantitative polymerase chain reaction (rt-gPCR): RNA was isolated

from the left ventricles of mice from the hypertension experiments via QIAzol (Qiagen)
as previously described **’. RNA concentration was determined via NanoDrop
Spectrometry ND1000 and 500 ng RNA reverse transcribed to cDNA using the Verso
cDNA Synthesis Kit (ThermoFisher Scientific). RT-gPCR was examined with Apex
gPCR GREEN Master Mix (Genesee Scientific, 42—120) using primers for ANP (GCC
GGT AGA AGA TGA GGT CAT, GCT TCC TCAGTC TGC TCACTC’) and BNP (5'-
CGC TGG GAG GTC ACT CCT AT-3', GCT CTG GAG ACT GGC TAG GAC TT).

Gene expression was examined using the BioRad CF96X real-time instrument.

DNA extraction and 16S rRNA sequencing:

Statistical Analysis: Statistical difference in gene expression and gross anatomy was

determined via one-way ANOVA with Tukey’s post-hoc analysis. Significance was set at

p<0.05.
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Results
Emodin inhibits pathological cardiac hypertrophy in response to hypertension.

Angiotensin Il (Angll) participates in the renin angiotensin system (RAS) and
targets angiotensin receptors which subsequently activates vasoconstriction and signal
transduction pathways in the heart.” As a result, Angll induces systemic hypertension and
causes hallmarks of heart failure including cardiac hypertrophy and fibrosis.” To begin
our studies, we tested the postulate that emodin would attenuate hypertension-induced
pathological cardiac hypertrophy. Our data demonstrate that mice treated with AnglI
experienced an increase in systolic blood pressure, heart weight (HW) and left ventricular
weight (LVW) compared to the sham, vehicle control group (Sham) (Table 1).
Moreover, HW and LVW remained significantly increased when normalized to either
tibia length or body weight (BW) (Table 1). Consistent with this increase in cardiac
hypertrophy, we further demonstrate that hypertensive mice had increased gene
expression of hypertrophy markers, the natriuretic peptides, ANP and BNP
(Supplemental Figure 1). Notably, Emodin (Hypert + Emodin) attenuated HW and
LVW, with and without normalization to tibia length and BW, when compared to
hypertensive mice (Table 1). No changes were observed in BW or systolic blood
pressure between emodin treated and hypertensive mice (Table 1). Lastly, Emodin
inhibited ANP and BNP gene expression in hypertensive mice (Supplemental Figure 1).

These data would suggest that Emodin is cardioprotective in this hypertension model.

Hypertension increases pathogenic gut bacteria that is attenuated with emodin.
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The microbiome has recently been implicated in CVD development . Moreover,
it has been suggested that phytochemicals interact with the microbiome to protect the
heart.*>* As we observed that Emodin attenuated hypertension-induced cardiac
hypertrophy, we next sought to examine how this anthraquinone regulated microbes
within the gut of hypertensive mice. Using 16S sequencing, we report microbial
differences in the cecum of Hypert and Hypert + Emodin treated mice (Figure 1A). We
also report that Lachnospiraceae was more abundant in hypertensive mice compared to
healthy (Sham) mice and hypertensive mice treated with Emodin (Hypert + Emodin)
(Figure 1B). Interestingly, we observed that Akkermansia was significantly increased in
Emodin treated hypertensive mice compared to hypertensive mice (Figure 1B & C). This
is interesting as Akkermansia has been associated with anti-obesity and anti-
diabetes.*?>426 Combined, these data demonstrate that hypertension can negatively impact
the microbiome by increasing pathogenic bacteria (e.g. Lachnospiraceae) and that
Emodin can attenuate the expression of pathogenic bacteria (e.g. Lachnospiraceae) while

increasing the expression of protective bacteria (e.g. Akkermansia).

Emodin rapidly changes microbial diversity and bacterial composition throughout the

gut.

Data above demonstrate that hypertension impacts the microbiome and Emodin
can normalize these pathogenic actions. As a next step, we examined how quickly
Emodin could alter the microbiome in healthy mice. Mice were gavage dosed emodin (30
mg/kg.day) or placebo control and feces collected daily for seven days (Figure 2A). 16S

sequencing showed that emodin significantly reduced microbial diversity in the feces by
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three days of emodin treatment (Figure 2B). Interestingly, these changes appeared to
diminish by day 7, although still reduced (Figure 2B); this is in keeping with other
findings that changes in the microbiome are dynamic and can return to homeostasis of the

host 59,427

While fecal samples (Figure 2B) and the cecum above (Figure 1) suggest that
Emaodin alters the microbiome, it does not show if these changes are localized in the gut
or take place throughout the digestive tract. As such, we investigated the effects of
Emodin on microbial communities throughout the entire Gl tract. We report that Emodin
reduced taxonomical abundances in the duodenum, jejunum, ileum, cecum, cecum
content, colon and feces after seven days of dosing (Figure 3). For example,
Lactobacillus was enriched throughout the entire Gl tract and in the feces of vehicle
treated mice but not in Emodin treated mice (Figure 3). Further, Emodin reduced
Peptostreptococcaceae in the duodenum, ileum, jejunum and in the colon (Figure 3). Not
all of these changes were generalizable across the gut, where for instance,
Ruminococcaceae was enriched in the colon of vehicle treated mice but not Emodin
treated mice (Figure 3). These data demonstrate that Emodin can rapidly change the
microbiome and that these anti-microbial actions can occur across the Gl tract as well as
within selective regions of the gut. While emodin did decrease the abundance of some
microbes, enrichment was also observed. For example, Allobaculum was enriched in the
jejunum and feces through day three of mice supplemented with Emodin. Most notably,
Emodin increased the taxonomical abundance of Akkermansia in the colon and the feces
(Figure 3); this also occurred in the cecum of hypertensive, emodin treated mice above.

Additionally, Roseburia was enriched by emodin in the ileum, jejunum and colon
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(Figure 3); similar to Akkermansia, Roseburia is also implicated in obesity and heart

health.
Discussion

In this report, we showed that Emodin attenuated hypertension-induced cardiac
hypertrophy, without impacting systolic blood pressure or body weight in female mice.
This is consistent with a reduction in atrial natriuretic peptide (ANP) and B-type
natriuretic peptide (BNP), which are two biomarkers of heart failure.*?® In addition, we
report novel findings that: 1) emodin increased the abundance of cardioprotective
bacteria (e.g. Akkermansia) in hypertensive mice; 2) emodin rapidly (within 3 days)
decreased microbial diversity, while increasing the abundance of cardioprotective
bacteria specifically in the colon (e.g. Akkermansia) as well as health-promoting bacteria
(e.g. Roseburia) throughout the gut. These data show that microbial changes occur
rapidly with dietary intervention and that emodin can improve bacterial abundance of

known cardioprotective species in both healthy and hypertensive mice.

Akkermansia is a commensal bug that has gained much attention; this microbe is
negatively correlated to obesity and type 2 diabetes.*?® In fact, probiotic supplementation
of Akkermansia attenuated obesity and diabetes in rodents and humans.*2>4?® As obesity
and diabetes both increase the risk of developing CVDs,! Akkermansia is likely to protect
the heart by ameliorating metabolic disease. Additionally, Akkermansia also acts as an
anti-inflammatory microbe; inflammation is a common driver of CVD and heart
dysfunction.*3943! Consistent with this, Akkermansia supplementation reduced

inflammation-induced damage and atherosclerosis in the hearts of Apolipoprotein E
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deficient mice fed a Western Diet.**? It should also be noted that rhubarb, a plant rich in
emodin, also increased Akkermansia abundance and this was linked to inhibition of
metabolic disease.**® Here, we report that emodin enriched Akkermansia, independent of
the route of administration (i.e. gavage vs. i.p.), and this increase was linked to
attenuation of hypertension-induced cardiac hypertrophy. Combined, our data
demonstrate that Emodin acts as a prebiotic of Akkermansia. Future studies that look at
this probiotic in the cardioprotective actions in our hypertension model would be of
interest as would in vitro analysis to determine if emodin directly improves Akkermansia

growth.

Similar to Akkermansia, Roseburia is a microbe that has been linked to health
promotion, and a diet rich in complex carbohydrates drives the increase in Roseburia
abundance.*** Of interest, Roseburia is a short chain fatty acid producing bacteria located
in the intestine.*® Short chain fatty acids like butyrate have been reported to inhibit
histone deacetylase (HDAC) enzymes; butyrate also attenuates pathological cardiac
remodeling and improves cardiac function via HDAC inhibition.3?2323 Specifically, orally
supplemented sodium butyrate attenuated high fat diet-induced dysmetabolic symptoms
including cardiac dysfunction, hypertrophy, fibrosis and apoptosis in mice.®?® Similar
results were reported with streptozotocin-induced diabetic cardiomyopathy.3?? Both
studies showed that butyrate inhibited HDAC activity in the heart.3?>*2 Roseburia
supplementation was also shown to decrease atherosclerotic lesions in germ-free mice,
improve gut permeability and reduce inflammation compared to control counterparts.**

Just as interesting, Roseburia inoculation increased histone H3 acetylation and gene

expression in the gut.*3® However, the authors reported no change in epigenetic marks in
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the aortas.**® These data suggest that the butyrate-producing microbe Roseburia was able
to regulate local but not systemic epigenetic marks. Consistent with these HDAC
inhibitory actions, our previous work showed that Emodin reduced HDAC activity in the
hearts of mice.>*” Moreover, in this report we showed that emodin increased Roseburia
abundance, suggesting that emodin-mediated HDAC inhibition may, in part, be due to
Roseburia-induced short chain fatty acids in addition to emodin inhibitory actions. It
would be interesting to assess HDAC activity and pathological cardiac remodeling in
germ-free mice treated with emodin, with and without Roseburia inoculation in

hypertensive mice.

Allobaculum is a bacteria that was originally linked to leanness and a low-fat
diet,**"438 while increased Allobaculum is negatively linked to the pro-inflammatory
cytokines, tumor necrosis factor alpha (TNF-a) and interleukin-1beta (IL-1p).**® Similar
to inflammation, diet-induced dyslipidemia and high cholesterol are negatively associated
with Allobaculum enrichment.**° Together, these actions suggest that Allobaculum is
likely cardioprotective. Not surprisingly, Allobaculum abundance was positively
correlated with spontaneously hypertensive rats treated with the angiotensin converting
enzyme (ACE) inhibitor, Captopril.*** Captopril would be expected to improve systolic
blood pressure in spontaneously hypertensive rats, and as such it’s unclear if Allobaculum
helped improve hypertension or was a consequence of drug treatment.*** In this report,
we observed limited actions for Emodin on blood pressure regulation, and therefore it’s

unclear if Allobaculum enrichment plays a role in myocardial protection in our model.
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Unlike the other bacteria discussed above, Peptostreptococcaceae was more
abundant in mice treated with vehicle control than those gavaged Emodin. The role for
Peptostreptococcaceae in human health remains unclear. For example, individuals with
the autoimmune condition, primary immune thrombocytopenia, had lower levels of
Peptostreptococcaceae compared to healthy controls.**? Further, Peptostreptococcaceae
correlated with circulating N-acyl-ethanolamines and 2-monoacyl-glycerols after omega
fatty acid consumption.**® These two reports would make it seem as if
Peptostreptococcaceae may confer beneficial outcomes. However, others have shown
that Peptostreptococcaceae is enriched with high fat diet.**44° In fact,
Peptostreptococcaceae was reduced in ApoE knockout mice that consumed a high fat

diet treated with the cholesterol-lowering agent, a-Cyclodextrin,**°

suggesting that
lowering Peptostreptococcaceae is beneficial in this model. Here, we report that Emodin
is cardioprotective and reduced Peptostreptococcaceae abundance, consistent with

findings from the high fat diet studies. These mixed reports demonstrate that further

studies on Peptostreptococcaceae in heart health are needed.

In conclusion, Emodin conferred cardioprotection in a model of hypertension and
these cardioprotective benefits were positively linked with Akkermansia, Rosuburia, and
Allobaculum abundance; and negatively associated with Peptostreptococcaceaeli
enrichment. Moreover, Emodin reduced microbiota diversity, which is consistent with
reports on other phytochemicals that have been shown to have anti-microbial properties
328 'While our data suggest that the microbiome plays a role in the anti-hypertrophic

actions of Emodin, this report is correlative and further research involving work with
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germ-free animals, fecal matter transplant and in vitro assays are needed to define the

bacteria important for emodin-mediated actions in the heart.



TABLE 1. HYPERTENSION-INDUCED CHANGES IN HEART WEIGHT AND BODY

COMPOSITION.

Study End BW (g)

Change in BW (g)

Systolic Blood Pressure (mmHg)
Heart Weight (mg)

Left Ventricle Weight (mg)

HW (mg)/TL (mm)

LVW (mg)/TL (mm)

HW (mg)/BW (9)

LVW (mg)/BW (g)

Sham Hypert Hypert +Emodin
21.16 +0.87 21.25 + 0.56 20.09 +1.45
2.09+0.14 2.43+0.33 1.19+0.25

12398 +9.36  149.32 + 14.77* 137.59 + 8.99*
83.00+1.82  104.25 + 3.20* 79.40 + 4.39
68.00 +2.32 86.50 + 2.33* 67.00 + 3.69
4.76 + 0.06 6.06 + 0.14* 4.55 +0.23
3.90+0.13 5.03 + 0.10* 3.84+0.20

3.92 4.91* 3.95
3.21 4.1* 3.33

BW, body weight; HW, heart weight; LVW, Left ventricle weight; Hypert, Hypertension
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Figure 1. Hypertension alters the cecal microbiome and this is restored by emodin

treatment in mice. Cecum was extracted from C57BL6/J female mice treated with vehicle,

angiotensin ii (Ang) or Ang + emodin (Emod). 16S sequencing was performed and A)

taxonomic abundance and B) microbiota profiles examined.
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Figure 2. Emodin rapidly changes microbial diversity in health C57BL6/J mice. A)
A model figure representing the study design. C57BL6/J mice were gavage dosed
placebo or emodin for seven days. Each day, feces was collected and 16S sequencing
used to examine microbial changes and diversity over time. B) Microbial diversity was

determined overtime analyzed via Shannon Diversity.
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Figure 3. Emodin alters microbial abundance throughout the Gl tract. A) Heat maps
of phyla abundance within the duodenum, jejunum, ileum, cecum and colon of healthy

C57BL/6 mice supplemented either vehicle control or Emodin.
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Supplemental Figure 1. Emodin attenuated angiotensin ii-induced natriuretic
peptide expression in vivo. C57BL6/J mice were treated with vehicle (Sham operated),
angiotensin ii (Angll) or Angll+emodin (Emod) for two weeks. Hearts were removed and
left ventricles (LV) dissected prior to RNA isolation. Quantitative PCR was used to
examine ANP and BNP gene expression. One-way ANOVA with tukey’s post-hoc was

used to determine statistical significance (p<0.05).
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Chapter 5. Conclusions and Future Directions
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Conclusions

In conclusion, we found that phytochemicals similarly and differentially regulated
pathways and signal transduction cascades and that these actions were associated with an
attenuation in agonist-induced cardiomyocyte hypertrophy (Chapter 2). Indeed,
phenylephrine (PE) as an as-adrenergic agonist observably increased phosphorylation of
the mitogen activated protein kinases (MAPKSs), extracellular regulated kinase (ERK), c-
Jun N-terminal kinase (JNK) and p38, as well as protein kinase C/D (PKC/D). These
actions of PE were associated with an increase in cardiomyocyte hypertrophy, which is a
common hallmark of heart failure. In contrast, Apigenin, Baicalein, Berberine
Hydrochloride (BHCI) and Emodin blocked PE-induced cardiomyocyte hypertrophy, but
not via cytotoxicity. Moreover, the overlapping and divergent effects of Apigenin,
Baicalein, BHCI and Emodin on the MAPKSs and PKC/D highlight our hypothesis in that
phytochemicals work through several mechanisms, both similar and different and at
different magnitudes (e.g., Emodin reduced phosphorylated-PKD more than Apigenin).
Interestingly, Emodin completely abolished PKD phosphorylation while Apigenin,

Baicalein andBHCI only attenuated PKD phosphorylation.

Four phytochemicals, Apigenin, Baicalein, BHCI and Emodin, out of 18 were
shown to be cardioprotective in Chapter 2. As our lab had previously found that these
dietary compounds inhibited histone deacetylase (HDAC) activity, we next tested the
postulate that Apigenin, Baicalein, BHCI and Emodin would attenuate HDAC activity in
our cardiomyocyte experiments. Of the four, Emodin reduced HDAC activity the most.

As HDAC inhibition is cardioprotective in experimental models of cardiovascular disease
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(CVD), our next task sought to elucidate the effects of Emodin on HDAC activity in the
heart and if an Emodin-rich plant, rhubarb, behaved similarly to Emodin (Chapter 3).
Firstly, our data showed that Emodin and rhubarb inhibited HDAC activity similarly in a
test tube, as both inhibited HDAC activity in a fast-on slow-off manner. Additionally,
rhubarb blocked intracellular- and receptor-mediated cardiomyocyte hypertrophy in a
comparable manner to Emodin. Of interest, Emodin reduced HDAC activity concomitant
with increased histone acetylation. As these epigenetic modification data suggest
differential gene expression, we next compared and contrasted the effects of Emodin to a
well-known HDAC inhibitor, Trichostatin A (TSA), on gene expression in
cardiomyocytes. Our data showed that Emodin and TSA affected similar pathways but
also different. These data make sense as phytochemicals, per Chapter 2, indeed act in
multi-faceted manners, including via HDAC inhibition. Finally, we found that the effects
of Emodin in cardiomyocytes were reflected in hypertensive mice. Thus, we found

Emodin to be cardioprotective both in vitro and in vivo.

Finally, we found it interesting that Emodin blocked hypertension-induced
hypertrophy in mice despite lacking distribution to the heart. The microbiome has been
implicated in heart failure. For example, germ-free mice infused with angiotensin 11 do
not develop hypertension, hypertrophy nor fibrosis to the extent of their conventionally
raised counterparts. Thus, we sought to characterize the effects of Emodin on
hypertensive and healthy mice(Chapter 4). Our data linked the cardioprotective actions
of Emodin in hypertensive mice with enrichment of Akkermansia (Chapter 4), a microbe
that had previously been shown to be efficacious for diabetes and atherosclerosis.

Intriguingly, healthy mice given Emodin via oral gavage also had enriched Akkermansia
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which suggests Emodin increases microbial abundance of Akkermansia independent of
administration route. Other notable microbes that were enriched in healthy mice

supplemented with Emodin included Roseburia and Allobaculum.
Future Directions

In Chapter 2, our data showed that the phytochemical anthraquinone, Emodin
completely abolished protein kinase D (PKD) phosphorylation while Apigenin, Baicalein
and Berberine HCI only attenuated PKD phosphorylation to expression levels similar to
those of vehicle treated neonatal rat ventricular myocytes (NRVMs). Indeed, Emodin has
been shown to attenuate PKC expression and activity;**® however, the actions of Emodin
on PKC/D in the heart remain to be elucidated. In the heart, PKC drives PKD activity and
nuclear translocation,**” which has been shown to then phosphorylate nuclear-bound
class Il histone deacetylases (HDACS), resulting in HDAC nuclear export and de-
repression of hypertrophic gene expression.®”® In contrast, PKD inhibition allowed class
I1 HDACs to remain in the nucleus and prohibit gene expression.®”® This makes sense as
HDACSs downregulate gene expression. Thus, it would be interesting to test the

importance of PKD in the anti-hypertrophic actions of Emodin in NRVMs.

We further found in Chapter 4 that Emodin enriched the cardioprotective
microbe, Akkermansia, despite the route of administration. Importantly, Emodin blocked
angiotensin I1-induced cardiac hypertrophy and fibrosis, as shown both phenotypically
and via gene expression analysis (e.g., ANP, BNP, Coll and CTFG). Thus, it would be
interesting to test the importance of the microbiome for the cardioprotective actions of

Emaodin in vivo. This can be done via at least two methods: 1) running side-by-side
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comparisons between conventionally raised and germ-free mice with heart disease and
supplemented with or without Emodin and 2) taking fecal matter from mice treated with
or without Emodin and performing transplants into mice with heart disease. As the
microbiome has emerged a novel and important player in CVD and phytochemical-
mediated health, elucidating the role of the microbiome further in the cardioprotective

actions of Emodin is warranted.
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