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Abstract
Heart failure, a syndrome culminating the pathogenesis of many forms of heart disease, is highly
prevalent and projected to be increasingly so for years to come. Major efforts are directed at
identifying means of preventing, slowing, or possibly reversing the unremitting progression of
pathological stress leading to myocardial injury and ultimately heart failure. Indeed, despite
widespread use of evidence-based therapies, heart failure morbidity and mortality remain high.
Recent work has uncovered a fundamental role of reversible protein acetylation in the regulation
of many biological processes, including pathological remodeling of the heart. This reversible
acetylation is governed by enzymes that attach (histone acetyltransferases, HAT) or remove
(histone deacetylases, HDACs) acetyl groups. In the case of the latter, small molecule inhibitors of
HDACs are currently being tested for a variety of oncological indications. Now, evidence has
revealed that HDAC inhibitors blunt pathological cardiac remodeling in the settings of pressure
overload and ischemia/reperfusion, diminishing the emergence of heart failure. Mechanistically,
HDAC inhibitors reduce stress-induced cardiomyocyte death, hypertrophy, and ventricular
fibrosis. Looking to the future, HDAC inhibitor therapy may emerge as a novel means of arresting
the untoward consequences of pathological cardiac stress, conferring clinical benefit to the
millions of patients with heart failure.
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Introduction
Presently, five million Americans suffer from chronic heart failure, the final common
pathway of many forms of heart disease and the most common discharge diagnosis in
Medicare for several years running (Heidenreich et al., 2011). This syndrome carries a
mortality approaching 50% at 5 years, and its incidence and prevalence are expanding
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rapidly around the globe. It is predicted that as our population ages, the direct medical costs
of treatment of all cardiovascular diseases (including hypertension, coronary heart disease,
stroke, and heart failure) will triple from $272 billion in 2010 to $818 billion in 2030
(Heidenreich et al., 2011). Although substantial efficacy of evidence-based therapies,
including angiotensin converting enzyme (ACE) inhibitors, angiotensin receptor blockers
(ARB), aldosterone antagonists, and β-adrenergic receptors blockers (β-blockers) has been
documented, heart failure morbidity and mortality remain unacceptably high and the
prevalence of the syndrome continues to expand globally (Goldberg, 2010). To stem this
enormous burden to individuals and society, comprehensive understanding of the biological
processes participating in pathological ventricular remodeling is required.

Pathological ventricular remodeling leading to heart failure is the culmination of a complex
series of transcriptional, signaling, structural, electrophysiological, and functional events
occurring within the cardiac myocyte (Kehat and Molkentin, 2010). In addition, other
cellular elements within the ventricle, including fibroblasts, the coronary vasculature and
infiltrating inflammatory cells are involved in this preventable and reversible process.

Recent work has uncovered the fundamental role of reversible protein acetylation in the
control of many biological processes, including pathological remodeling of the heart. This
reversible acetylation, analogous to reversible phosphorylation, is governed by enzymes that
covalently attach (histone acetyltransferases, HAT) or remove (histone deacetylases,
HDACs) acetyl groups. Small molecule HDAC inhibitors have been developed and are
currently being tested for a variety of oncological indications. Recent evidence has revealed
that HDAC inhibitors are remarkably capable of blunting pathological cardiac remodeling in
the settings of pressure overload and ischemia/reperfusion, diminishing the emergence of
heart failure. Given this, HDAC inhibitor therapy may emerge as a novel means of arresting
the untoward consequences of pathological cardiac stress, leading to clinical benefit to the
millions of patients with heart failure.

HDACs and their functions in the heart
Many proteins are governed by reversible acetylation of ε-amino groups on lysine residues.
Appreciated first in the case of histone proteins, where acetylation leads to chromatin
relaxation and access of transcriptional effectors to bind DNA (Yang and Seto, 2008), this
widespread post-translational modification takes place on numerous proteins beyond just
histones. Thus, HDACs are increasingly, and more precisely, being termed lysine (K)
DeACetylases (KDACs).

In mammalian cells, 18 HDACs have been described, grouped into four classes: Class I
[HDACs 1, 2, 3 and 8], Class IIa [HDACs 4, 5, 7 and 9], Class IIb [HDACs 6, 10], Class III
[also known as sirtuins, SirT1–7] and Class IV [HDAC11] (Gregoretti et al., 2004). The
roles of several of these HDACs have been studied in the heart during the last decade. Gene
deletion and over-expression studies have revealed important functions of these enzymes in
the pathological processes of left ventricular remodeling, including hypertrophy, apoptosis,
necrosis, metabolism, contractility, and fibrosis.

Class I HDACs in the heart
The class I HDACs, HDAC1 and HDAC2, are expressed ubiquitously, and systemic
deletion of either results in embryonic lethality (Montgomery et al., 2007). HDAC1 and
HDAC2 are functionally redundant in heart, as cardiomyocyte-specific inactivation of either
one individually does not impair the hypertrophic phenotype elicited by isoproterenol or
transverse aortic constriction (TAC) (Montgomery et al., 2007). However, homozygous
inactivation of both genes together results in heart failure, arrhythmia, and neonatal lethality

Xie and Hill Page 2

Trends Cardiovasc Med. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Montgomery et al., 2007). Cardiomyocyte-specific over-expression of HDAC2 provokes
severe cardiac hypertrophy (Trivedi et al., 2008). HDAC3 over-expression in the heart
results in cardiomyocyte hyperplasia (Trivedi et al., 2008). Systemic HDAC8 deletion
results in neonatal lethality due to skull instability; cardiomyocyte-specific knockout has not
been studied (Haberland et al., 2009). Based on these data, class I HDACs are generally
considered detrimental to cardiac function.

Class II HDACs in the heart
Among the two subclasses of class II HDACs, class IIa HDACs have been studied
extensively. Class IIa HDACs bind MEF2 (myocyte enhancer factor 2) transcription factors
and suppress hypertrophic growth (Han et al., 2003; McKinsey et al., 2002). MEF2 is a
transcription factor that responds to pathologic cardiac stress to mediate hypertrophic
responses (Han et al., 2003). MEF2's interaction with all four class IIa HDACs results in
suppression of downstream targets and blunted hypertrophic remodeling (Han et al., 2005;
Han et al., 2003). Over-expression of HDAC4 (Backs et al., 2006), HDAC5 (Bush et al.,
2004; Vega et al., 2004; Zhang et al., 2002) or HDAC9 (Zhang et al., 2002) in
cardiomyocytes suppresses MEF2 expression and pathological stimuli-induced hypertrophy.
Silencing of HDAC9 (Zhang et al., 2002) or HDAC5 (Chang et al., 2004) results in an
exaggerated hypertrophic response to pressure overload and spontaneous hypertrophy at old
age. Thus, class IIa HDACs are generally considered cardioprotective. However, the
functions of class IIb HDACs in the heart are largely unknown.

Class III HDACs in the heart
In contrast to the zinc-dependent class I and class II HDACs, class III HDACs (sirtuins)
require nicotinamide adenine dinucleotide (NAD+) in order to function. Class III HDACs
are insensitive to the most commonly used HDAC inhibitors, which function largely as zinc
chelators (McKinsey, 2012). In mice over-expressing SIRT1 in the heart, oxidative stress-
induced apoptosis is suppressed (Alcendor et al., 2007). Inhibition of SIRT1 activity by a
small molecule inhibitor results in enhanced apoptosis (Alcendor et al., 2004), and
cardiomyocyte-specific SIRT7 loss of function results in severe cardiomyocyte apoptosis
and cardiac hypertrophy with fibrosis (Vakhrusheva et al., 2008). SIRT7 suppresses
apoptosis by deacetylating p53 to inhibit its activity (Vakhrusheva et al., 2008). SIRT3
protects cardiomyocytes by deacetylating Ku70, which subsequently interacts with Bax to
suppress apoptosis (Sundaresan et al., 2008). Based on these data, class III HDACs are
generally considered cardioprotective.

HDAC inhibition in cardiovascular pathology
Small molecule inhibitors of HDACs are divided into four structurally distinct groups:
hydroxamic acids (e.g. Trichostatin A [TSA], suberoylanilide hydroxamic acid [SAHA]);
short chain fatty acids (e.g. phenylbutyrate, valproic acid); benzamides (e.g. MS-275); and
cyclic peptides (e.g. depsipeptides) (Bradner et al., 2010). Two are FDA approved for
treatment of cutaneous T cell lymphoma. In tumor cells, HDAC inhibitors induce cell lysis
by triggering apoptosis; they also induce autophagy, a response which may be a secondary,
prosurvival reaction (Rikiishi, 2011).

Inhibitors of class I and class II HDACs harbor a stereotypical three-part structure,
comprising a zinc-binding “warhead” group that docks in the catalytically active site, a
linker, and a surface recognition domain that interacts with residues near the active site
(Bradner et al., 2010). Class I HDAC activity is more sensitive to zinc concentration than
that of class II HDACs. Nevertheless, the strong zinc-chelating properties of the hydroxamic
acid warhead confers potent (nM - M) class I and class II HDAC inhibitory properties
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(Bradner et al., 2010). By contrast, the short chain fatty acid HDAC inhibitors are weak
(mM) zinc chelators, with modest selectivity towards class I HDACs when used at low
concentrations (Bradner et al., 2010). Benzamide HDAC inhibitors are generally highly
selective for HDACs 1, 2, and 3, as are the cyclic peptide HDAC inhibitors (Bradner et al.,
2010). Of note, most preclinical data obtained in animal models of heart disease employed a
potent class I–II HDAC inhibitor, TSA.

HDAC inhibition in pressure-overload cardiac hypertrophy
As class I and IIa HDACs have been implicated in the pathogenesis of cardiac hypertrophy,
studies to test small molecule HDAC inhibitors have emerged (Figure 1). In cardiomyocytes
cultured in vitro, the HDAC inhibitors TSA and sodium butyrate block phenylephrine-
induced myocyte hypertrophy (Antos et al., 2003). As the deacetylase catalytic activity of
class IIa HDACs is modest (Bradner et al., 2010), it is thought that the inhibition of class I
HDAC activity by hydroxamic acid-based compounds is dominant (Zhang et al., 2002).
Both TSA and valproic acid abolished the development of cardiac hypertrophy in transgenic
mice that over-express an HDAC2-dependent SRF inhibitor, Hop (Kook et al., 2003).
Similarly, TSA blunts isoproterenol-induced (Kook et al., 2003), angiotensin II-induced
(Kee et al., 2006), and TAC-induced (Kee et al., 2006) (Kong et al., 2006) ventricular
hypertrophy. TSA treatment was also capable of regressing established TAC-induced
cardiac hypertrophy (Kee et al., 2006). TSA and scriptaid, another hydroxamic acid-based
HDAC inhibitor, blunted cardiac hypertrophy in a pressure-overload TAC model;
cardiomyocyte cross-sectional area was reduced, accompanied by significant improvements
in systolic function (Kong et al., 2006). Long-term (9 week) treatment with TSA was well
tolerated, and improvements in systolic function were enduring (Kong et al., 2006).
Together, these results have opened the possibility of HDAC inhibition as a viable
therapeutic intervention in hypertensive patients at risk of developing left ventricular
hypertrophy or even with established hypertrophy.

HDAC inhibitors increase the expression of the anti-hypertrophic transcription factor
Krüppel-like factor 4 (KLF4) (Kee and Kook, 2009; Liao et al., 2010), at least in part by
promoting acetylation of histones near its gene regulatory elements (Kee and Kook, 2009).
Genetic silencing of KLF4 in mice resulted in exaggerated cardiac hypertrophy and fibrosis
in response to TAC (Liao et al., 2010).

We have tested whether the pathway of protein and organelle degradation, autophagy, is
involved in the anti-hypertrophic actions of HDAC inhibition. Autophagy is an intracellular
catabolic pathway evolutionarily conserved from yeast to human. By degradation of cellular
contents, autophagy replenishes depleted stores of building blocks required for cell growth
and energy for cell survival (Mizushima, 2007). Autophagic activity increases during
hypertrophic growth in preclinical models and in failing human hearts (Zhu et al., 2007).
Left ventricular assist device-based mechanical unloading reduces up-regulated autophagy
in heart failure (Xie et al., 2011). However, when autophagy is eliminated completely, cell
death occurs (Nakai et al., 2007). Thus, current thinking holds that maintenance of
autophagic flux, not too much and not too little, is required for cardiomyocyte homeostasis
(Xie et al., 2011).

In cultured neonatal rat ventricular cardiomyocytes (NRVMs), TSA attenuates
phenylephrine (PE)-induced hypertrophic growth and abolishes the associated activation of
autophagy (Cao et al., 2011). RNAi-mediated knockdown of either Atg5 or Beclin 1, two
essential autophagy effectors, was similarly capable of suppressing ligand-induced
autophagy and myocyte growth. RNAi experiments uncovered the class I isoforms, HDAC1
and HDAC2, as required for the autophagic response. In cardiomyocyte-specific Beclin 1
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over-expressing mice, the autophagic response elicited by TAC is increased four-fold; yet
TSA abolished TAC-induced increases in autophagy and blunted TAC-induced hypertrophy
(Cao et al., 2011). These studies also confirmed that TSA is capable of reversing preexisting
hypertrophy, even in cardiomyocyte-specific Beclin 1 over-expressing mice with augmented
autophagy (Cao et al., 2011).

In light of our findings of HDAC-dependent regulation of autophagy and its participation in
cardiac plasticity, we believe that autophagy is a plausible therapeutic target in heart disease.
Looking to the future, additional studies are required to determine which HDAC isoforms
are responsible for the anti-hypertrophic effects of HDAC inhibition (McKinsey, 2012). A
combination of isoform-specific knockout mouse lines and small molecules specific for
individual HDAC isoforms will be required (Bradner et al., 2010). Meanwhile, a number of
other therapeutic agents specifically targeting autophagy are being developed (Rubinsztein
et al., 2012).

HDAC inhibition in ischemic heart disease
Given the robust beneficial effects of HDAC inhibition in models of pressure overload,
HDAC inhibitors have been tested in another prevalent form of pathological stress, cardiac
ischemia (Figure 2). The first report was in a rat infarct model, where a coronary artery is
surgically occluded permanently. The HDAC inhibitors valproic acid (VPA) and tributyrin
significantly reduced cardiomyocyte hypertrophy and collagen deposition in both the remote
and border zones of the infarcted left ventricle (Lee et al., 2007). Systolic function was also
preserved, and these protective effects were abolished by theophylline, an HDAC activator
(Lee et al., 2007).

In most clinically relevant instances of tissue ischemia, reperfusion occurs – either
spontaneously or therapeutically – leading to restoration of oxygen and nutrients, and
triggering a second wave of cell death termed reperfusion injury. In light of this, two studies
tested HDAC inhibitors in a murine ischemia/reperfusion (I/R) model. Using an ex vivo
Langendorff isolated mouse heart system, both perfusion of the explanted heart with TSA or
intraperitoneal injection of TSA before surgery reduced infarct size and preserved cardiac
systolic function (Zhao et al., 2007). These effects were tied to TSA-induced p38 activation
and acetylation of p38 at lysine residues (Zhao et al., 2007). Another study employed a
mouse in vivo I/R model and reported that HDAC activity increased significantly after I/R
(Granger et al., 2008). Administration of TSA or scriptaid by intraperitoneal injection
reduced infarct size and preserved systolic function (Granger et al., 2008). Of note,
administration of the HDAC inhibitor even one hour after the ischemic insult reduced infarct
size to the same extent as drug pretreatment prior to the surgical injury (Granger et al.,
2008). These findings suggest that HDAC inhibition blunts reperfusion injury specifically,
raising the intriguing prospect that HDAC inhibitor therapy might reduce infarct size if
delivered at the time of reperfusion, for example, when a patient presenting with a
myocardial infarction undergoes percutaneous coronary intervention. This study went on to
report that HDAC inhibition reduces hypoxia inducible factor-1 protein levels, diminishes
cell death and vascular permeability and suggested that HDAC4 is a mediator of reperfusion
injury (Granger et al., 2008).

In a murine model of myocardial infarction (permanent coronary artery occlusion), TSA
stimulated c-kit+ cardiac stem cell (CSC) proliferation (Zhang et al., 2012). In c-kit-null
mice, TSA's beneficial effects on left ventricular remodeling were abolished, and re-
introduction of TSA-treated wild-type c-kit+ CSC into c-kit-null mice restored the beneficial
effects of TSA on myocardial function and cardiac repair (Zhang et al., 2012). After TSA
treatment, the abundance of c-kit+ CSC-derived myocytes was significantly increased
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(Zhang et al., 2012). This study raises the possibility that HDAC inhibition could be used
initially as an infarct-size reducing strategy and subsequently as long-term treatment to blunt
post-infarct remodeling by mobilizing cardiac stem cells.

HDAC inhibition in cardiac fibrosis
Ventricular fibrosis due to accumulation of collagen and other extracellular matrix elements
is a cardinal feature of left ventricular hypertrophy and post-infarct remodeling. Other than
aldosterone antagonists, there are no clinically available therapeutic agents that effectively
reduce cardiac fibrosis (Dooley et al., 2011). Small molecule inhibitors of class I–II HDACs
reduce fibrosis in models of both hypertrophic and ischemic heart disease (Kong et al.,
2006). In cultured rat cardiac fibroblasts, TSA blocks transforming growth factor- (TGF-)-
induced collagen synthesis (Kong et al., 2006). The relevant downstream targets seem to be
ERK, AKT and PI3K, but not the transcription factor SMAD (Barter et al., 2010;
Yoshikawa et al., 2010). SAHA reduced fibrosis in both heart and vessels in
deoxycorticosterone acetate (DOCA)-salt hypertensive rats (Iyer et al., 2010).

Atrial fibrosis is a significant contributor to supraventricular arrhythmia, especially atrial
fibrillation. In a model of Hop over-expression, TSA treatment reduced atrial fibrosis,
normalized connexin 40 levels, and reduced vulnerability to atrial arrhythmia (Liu et al.,
2008).

Potential clinical applications
Decades of research into the epigenetic regulation of cellular processes have culminated in
the development and eventual clinical investigation of HDAC inhibitors for use in the field
of cancer biology. Today, two HDAC inhibitors, Zolinza® (SAHA or vorinostat,
structurally similar to TSA) and Istodax® (romidepsin, cyclic peptide) have received FDA
approval, while clinical trials with several other compounds are underway in a number of
tumor types (McKinsey, 2012). More recently, HDAC inhibition has demonstrated
promising efficacy to block maladaptive left ventricular remodeling in the clinically
prevalent scenarios of pressure overload and ischemia/reperfusion injury. Given the pressing
clinical void of drugs to treat pressure overload and I/R-induced left ventricular remodeling,
the need to test currently available FDA-approved HDAC inhibitors in humans is
compelling.

In an effort to translate these basic discoveries into the clinical domain, we tested vorinostat
in a large animal model of cardiac I/R injury. We observed that this FDA-approved HDAC
inhibitor conferred robust cardioprotection from I/R injury; indeed, the extent of protection
was similar to that observed in mouse models of I/R (unpublished observations).
Specifically, vorinostat reduced infarct size by about 40% when the drug was administrated
prior to I/R surgery. Plasma concentrations of vorinostat were comparable to those achieved
in patients during phase I clinical trials. Importantly and more clinically relevant, the
declines in infarct size were similar even when the drug was administered at the time of
reperfusion (unpublished observations). In other words, the cardioprotective effects of
HDAC inhibition – in both mouse and rabbit models of I/R injury – were identical, such that
pharmacological treatment at the time of reperfusion conferred robust protection. Of course,
in the clinical context, pharmacotherapy well into the ischemic phase of injury is the only
possible option, and a therapeutic intervention efficacious at the reperfusion phase of the
process is required. The cardioprotective effects of vorinostat derive, at least in part, from
re-activation of I/R-dependent suppression of cardiomyocyte autophagic flux (unpublished
observations).
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Given the encouraging results in a large animal model of I/R injury, which phenocopied
precisely those reported by us and others in mice, we are moving ahead to test the safety
profile of vorinostat in patients with stable coronary artery disease. In this safety study, we
will monitor for symptoms, ECG changes including QT prolongation, changes in blood
pressure, serum electrolytes, renal and liver function, and blood cell counts. If this
compound is found to be safe in patients with structural heart disease, the prospect of
moving these exciting preclinical data to a first-in-human clinical trial is exciting. This
would involve a double-blinded placebo-controlled pilot efficacy study. We would consider
enrolling patients presenting with ST-segment elevation myocardial infarction who are
hemodynamically stable. Patients would be randomized into treatment versus placebo arms,
with therapy delivered at the time of percutaneous coronary intervention on the infarct-
related artery. The primary endpoint will be infarct size measured by cardiac MRI both in
the immediate post-infarct phase and at 3 months, a protocol for which there is precedent
(Piot et al., 2008). If the results are positive, they would require additional investigation in a
large scale, multicenter clinical trial.

Several hurdles need to be overcome before these novel agents can be used in humans.
Efficacy in large animal models must be tested, as we have done. This is particularly
important, given the large number of failed clinical trials targeting reperfusion injury based
on mouse models alone (Schwartz Longacre et al., 2011). Second, safety of FDA-approved
HDAC inhibitors in patients with structural heart disease must be evaluated. Early clinical
trials using the cyclic peptide HDAC inhibitor, depsipetitde, reported QT prolongation
(Piekarz et al., 2006). However, subsequent clinical trials of hydroxamic acid-based HDAC
inhibitors did not reveal significant effects on QT duration (Munster et al., 2009). In the case
of treating ventricular hypertrophy, where longer term therapy with HDAC inhibitors would
be required, the side-effects of leukopenia, anemia, bone marrow suppression become
relevant, even though doses lower than those used in cancer would be tested. Importantly,
side effects on the hematopoietic system vary among class I-specific HDAC inhibitors.
Finally, more detailed mechanistic studies are needed. Presently, our understanding of the
HDAC isoform(s) involved is emerging, but little is known of the molecular substrates of
those enzymes and the relevant protein(s) which become hyperacetylated in the setting of
HDAC inhibition (Figure 3) (Cao et al., 2011). Together, elucidation of these critical
knowledge gaps will do much to propel this field toward clinical application.
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Figure 1. HDACs in cardiac hypertrophy
Class I HDACs participate in pressure overload-induced pathological cardiac hypertrophy.
HDAC inhibition can prevent load-induced hypertrophy and reverse pre-existing
hypertrophy.
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Figure 2. HDACs in ischemic heart disease
Both ischemia and ischemia/reperfusion trigger cell death via mechanisms that involve class
I HDACs. Inhibition of HDAC activity reduces infarct size. Post-infarct stresses induce
cardiomyocyte hypertrophy, cell death (e.g. apoptosis) and fibrosis. Again, HDAC inhibitors
are capable of blocking elements of these detrimental biological processes and preserve
cardiac function.
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Figure 3. Unanswered questions regarding the actions of HDACs in the pathogenesis of heart
failure
Strong evidence implicates class I HDACs in the pathogenesis of heart failure. However,
data defining the roles of specific HDAC isoforms is just beginning to emerge. Beyond that,
little is known regarding the protein target(s) which is/are reversibly acetylated in these
processes. Whether those proteins govern transcriptional, signaling, or other events, is
similarly unknown.
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