Targeting Inflammation in Heart Failure with Histone
Deacetylase Inhibitors

Timothy A McKinsey

Department of Medicine, Division of Cardiology, University of Colorado Denver, Aurora, Colorado, United States of America

Cardiovascular insults such as myocardial infarction and chronic hypertension can trigger the heart to undergo a remodeling
process characterized by myocyte hypertrophy, myocyte death and fibrosis, offen resulting in impaired cardiac function and
heart failure. Pathological cardiac remodeling is associated with inflasnmation, and therapeutic approaches targeting inflam-
matory cascades have shown promise in patients with heart failure. Small molecule histone deacetylase (HDAC) inhibitors block
adverse cardiac remodeling in animal models, suggesting unforeseen potential for this class of compounds for the freatment of
heart failure. In addition o their beneficial effects on myocardial cells, HDAC inhibitors have potent antiinflamsnmatory actions. This
review highlights the roles of HDAC:s in the heart and the potential for using HDAC inhibitors as broad-based immunomodulators

for the treatment of human heart failure.
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INTRODUCTION

Heart failure is a major health problem
and a growing economic burden world-
wide. There are more than five million
heart failure patients in the United States
alone, and treatment of this condition is
estimated to cost the American health
care system over $37 billion annually.
Furthermore, the 5-year mortality rate
following first admission for heart failure
is over 40%, highlighting an urgent need
for new therapeutic approaches (1).

Heart failure typically is classified as
either systolic, in which there is reduced
pump function, or diastolic, which is
characterized by impaired cardiac relax-
ation and abnormal ventricular filling. At
the cellular level, systolic heart failure is
associated with myocyte hypertrophy
and myocyte death, which often lead to
development of interstitial fibrosis,
chamber dilation and ventricular wall
thinning. Diastolic heart failure is typi-
fied by myocyte hypertrophy and fibro-

sis without chamber dilation. It is esti-
mated currently that close to 50% of the
heart failure population in the U.S. has
diastolic heart failure, which also is
known as heart failure with preserved
ejection fraction (HFpEF) (1).

First-line therapy for heart failure in-
cludes drugs aimed at inhibiting signal-
ing pathways elicited by cell surface re-
ceptors, such as the angiotensin receptor
(angiotensin-converting enzyme in-
hibitors [ACEi] and angiotensin receptor
II blockers [ARBs]) and the B-adrenergic
receptors (p-blockers). Despite efficacy
of these drugs, the high mortality rate
for patients with heart failure under-
scores the need to target alternative
pathogenic mechanisms. In this regard,
it has long been recognized that acute
and chronic heart failure is associated
with inflammatory cell activation (2—4),
raising the possibility for synergy be-
tween antiinflammatory drugs and heart
failure standards-of-care.
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An exhaustive review of cytokine and
cytokine receptor expression in human
heart failure was published recently (5).
Multiple studies have revealed that circu-
lating levels of interleukin-6 (IL-6) and
TNFa are increased in patients with heart
failure, and expression of these cytokines
appears to correlate with disease severity
and prognosis; ACEi treatment is associ-
ated with reduced expression of TNFa as
well as IL-1 (6). Several other inflamma-
tory mediators, including IL-18 and
monocyte chemoattractant protein (MCP-
1), also have been implicated in human
heart failure, and antiinflammatory ap-
proaches have been shown to be effica-
cious in animal models of heart failure
and in small scale clinical trials in hu-
mans. For example, intraperitoneal (i.p.)
administration of anakinra, a recombinant
form of a naturally occurring IL-1 recep-
tor antagonist, reduces cardiac apoptosis
and improves cardiac function in rodent
models of myocardial infarction (MI) (7).
Consistent with this, mice in which the
gene for the IL-1 receptor has been
knocked out exhibit attenuated post-MI
cardiac remodeling (8). In a trial of pa-
tients with ST-segment elevation acute MI
(STEMI), subcutaneous administration of
anakinra once daily for two weeks led to



Acetyl-lysine

L Lysine I\

( o Y4
g Proposed Activities
7N\ in the Heart
H;"f CH,
(CH) Cla(:szl I-:!‘Dé\)Cs Deacetylase Domain _
2)4 12,3,
|
C Class lla HDACs S0
“HN 4.5.7,9) rote

Deacetylase Domain

Class llb HDAC10 Deacetylase Domain Unknown
Class Il HDACs 1se Do
NH, (SIRT1-7) Deacetylase Domain Protective
|
(‘l:H;)4 Class IV HDAC11 Deacetylase Domain Unknown
N

~N

Figure 1. Regulation of lysine acetylation by histone deacetylases. Histone acetyltrans-
ferases (HATs) transfer acetyl groups from acetyl-CoA to e-amines of lysine residues on a
variety of proteins, and HDACs catalyze removal of these groups. HDACs are categorized
into four distinct classes. Class | HDACs are further divided info two subclasses, lla and llb.
Class Il HDACs also are known as sirtuins. Current dafa based on genetic and pharmaco-
logical investigations suggests that class | HDACs promote pathological cardiac remodel-
ing while class lla and class Il HDACs are protective. There is nothing known about the
functions of class lib and class IV HDAC:s in the heart.

reduced left ventricular (LV) wall remod-
eling, as measured by echocardiography
and magnetic resonance imaging after
three months post-MI (9).

Studies in animal models also sug-
gested a pathological role for TNFa in the
heart, and in small-scale phase I/1I trials
of the injectable, soluble tumor necrosis
factor (TNF) antagonist, etanercept,
blockade of TNF receptor signaling led to
improved LV ejection fraction in heart
failure patients (10,11). However, etaner-
cept failed to reduce death or hospitaliza-
tion in phase III trials of ~1,500 heart fail-
ure patients (12). Infliximab, a chimeric
monoclonal antibody against TNFa, also
failed to improve cardiac function in pa-
tients with moderate-to-severe heart fail-
ure, and actually worsened clinical symp-
toms (13), suggesting a protective role for
TNFa in the heart (14).

It is possible that agents that target
multiple proinflammatory pathways will
provide enhanced efficacy in the setting
of heart failure. In this regard, histone
deacetylase (HDAC) inhibitors represent
a promising new class of compounds
with broad-based antiinflammatory ac-
tivities. This review highlights preclinical
evaluations of HDAC inhibitors in ani-

mal models of heart failure, and dis-
cusses the potential for translating these
findings to human clinical trials.

HDACs

HDAC:S catalyze removal of acetyl
groups from e-amino groups of lysine
residues in a variety of proteins (Figure 1).
HDACs have been studied mainly in the
context of chromatin, where they serve
an epigenetic function by deacetylating
nucleosomal histones and altering the
electrostatic properties of chromatin in a
manner that leads to gene repression.
However, it is now clear that HDACs
deacetylate many nonhistone proteins,
and thus the enzymes also are called ly-
sine deacetylases (KDACs) (15).

The 18 HDAC:s are encoded by distinct
genes and are grouped into four classes
on the basis of similarity to yeast tran-
scriptional repressors (see Figure 1).
Class | HDACs (HDACs 1, 2, 3 and 8) are
related to yeast RPD3, class I HDACs
(HDACs 4, 5, 6,7, 9 and 10) to yeast
HDAL1, and class IIl HDACs (SirT1 - 7)
to yeast Sir2. Class Il HDACs are further
divided into two subclasses, Ila (HDACs
4,5,7 and 9) and IIb (HDACsSs 6 and 10).
HDACT11 falls into a fourth class (16).
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HDACs IN THE HEART

The first connection between HDACs
and regulation of pathological cardiac re-
modeling was provided by the discovery
that class Ila HDACs interact with mem-
bers of the myocyte enhancer factor-2
(MEF2) transcription factor family (17),
which are key regulators of cardiac hy-
pertrophy. Cardiac hypertrophy has long
been viewed as a compensatory mecha-
nism that normalizes wall stress and en-
hances cardiac performance. However,
long-term suppression of cardiac hyper-
trophy is associated with reduced mor-
bidity and mortality in patients with hy-
pertension, and thus chronic cardiac
hypertrophy is considered maladaptive
(18,19).

All class Ila HDACs were found to as-
sociate with MEF2 on DNA (20,21), re-
sulting in repression of downstream tar-
get genes. Ectopic overexpression of
either HDAC4 (22), HDACS5 (23-25) or
HDAC9 (25) in cultured rat cardiomy-
ocytes coordinately suppresses MEF2-de-
pendent transcription and agonist-de-
pendent cardiac hypertrophy. In contrast,
disruption of the gene encoding HDAC9
in mice leads to superactivation of car-
diac MEF2 activity (25), and mouse
knockouts for HDAC5 (26) or HDAC9
(25) develop exaggerated cardiac hyper-
trophy in response to pressure overload
and spontaneous, pathologic hypertro-
phy with advancing age. These results
support a general role for class Ila
HDACS as endogenous suppressors of
pathological cardiac hypertrophy (see
Figure 1).

Since class ITa HDACs block cardiac
hypertrophy, we hypothesized that
HDAC inhibitors would promote car-
diomyocyte growth. However, experi-
ments with cultured cardiac myocytes re-
vealed a striking ability of HDAC
inhibitors to suppress myocyte hypertro-
phy (27). Two subsequent discoveries ex-
plain these seemingly paradoxical find-
ings. First, recently described class Ila
HDAC enzymatic assays revealed that
these HDACs are relatively insensitive to
standard HDAC inhibitors, including
those used in the initial hypertrophy
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studies (28,29). Second, it was deter-
mined that class Ila HDACs do not re-
quire catalytic activity to suppress hyper-
trophic signaling in cardiomyocytes (25).

EFFICACY OF HDAC INHIBITORS IN
PRECLINICAL MODELS OF HEART
FAILURE

The fortuitous discovery of the antihy-
pertrophic action of HDAC inhibitors
suggested a novel application for these
compounds for the treatment of human
heart failure. Since dysregulation of
HDAGC:S is associated with a variety of
pathophysiological processes, most no-
tably cancer, there is intense focus in the
pharmaceutical industry and in academic
labs on development of novel small mol-
ecule HDAC inhibitors with enhanced
potency, selectivity and pharmacokinetic
properties. These efforts were further jus-
tified when SAHA /vorinostat (Zolinza)
reached the market in 2006 with United
States Food and Drug Administration
(FDA) approval for the treatment of cuta-
neous T-cell lymphoma (30).

Most HDAC inhibitors possess a zinc-
binding “warhead” group that docks in
the active site, a linker and a surface rec-
ognition domain that interacts with
residues near the entrance to the active
site. This generic HDAC inhibitor phar-
macophore is represented in at least four
chemical classes: hydroxamic acids (for
example, SAHA), short chain fatty acids
(for example, valproic acid), benzamides
(for example, MS-275) and cyclic pep-
tides (for example, depsipeptide). Rela-
tive potencies and selectivity profiles dif-
fer between and within these classes (28).
The strong zinc-chelating properties of
the hydroxamic acid warhead produce
potent (low nanomolar) pan-HDAC in-
hibitors. In contrast, the short chain fatty
acids are weak (millimolar) HDAC in-
hibitors, with perhaps modest selectivity
toward class I HDACs. Benzamide
HDAC inhibitors are generally highly se-
lective for HDACs 1, 2 and 3, as are the
cyclic peptides.

In vivo studies demonstrated that non-
selective, pan-HDAC inhibitors can effec-
tively halt, and even reverse, pathologi-
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Figure 2. In vivo activities of HDAC inhibitors in rodent heart failure models. The indicated
compounds have been tested in rodent models of heart failure. Models in which the
compounds have demonstrated efficacy are shown, as are the relative potencies of
compounds for different HDAC classes. The structure of apicidin-derivative (Api-D) is not
available (N/A). Angll, angiotensin lI; ISO, isoproterenol; PAB, pulmonary artery banding;

RV, right ventricle.

cal cardiac hypertrophy (Figure 2). Treat-
ment with the hydroxamic acid, pan-
HDAC inhibitor, trichostatin A (TSA), or
valproic acid for 2 weeks blocked the de-
velopment of cardiac hypertrophy in
transgenic mice that overexpress an
HDAC2-dependent serum response fac-
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tor (SRF) inhibitor, Hop, selectively in
the heart (31). Similarly, pan-HDAC in-
hibitor treatment effectively suppressed
cardiac hypertrophy induced by continu-
ous infusion of the f-adrenergic receptor
agonist, isoproterenol (31), or infusion of
angiotensin II (32), as well as pressure



overload imposed by transverse aortic
constriction (32). Importantly, TSA treat-
ment also was shown to regress estab-
lished cardiac hypertrophy in mice sub-
jected to aortic constriction (32), and also
reversed established atrial fibrosis in
Hop-transgenic mice (33), suggesting po-
tential for HDAC inhibitors for the treat-
ment of preexisting heart failure. Of note,
data obtained with valproic acid should
be interpreted with caution since this
compound is a weak HDAC inhibitor
that has many other pharmacological ac-
tivities (34,35), including regulation of
ion channels, glycogen synthase kinase-
3p and mitogen-activated protein kinases
(MAPK) (36).

Additional studies confirmed that 3
weeks of treatment with TSA and another
pan-HDAC inhibitor, scriptaid, blunted
cardiac hypertrophy in a pressure-over-
load mouse model, reducing cardiomy-
ocyte size and improving ventricular per-
formance significantly (37). The reduction
in cardiac hypertrophy and functional
improvements were maintained in a 9-
week study, and TSA appeared to be well
tolerated, since chronic administration
over the course of the investigation did
not impact survival negatively. Pan-
HDAC inhibitors also have been shown
to reduce cell death and prevent mal-
adaptive ventricular remodeling in ro-
dent models of MI (38-41), and in the set-
ting of chronic hypertension in rats
(42,43). Valproic acid recently was shown
to block right ventricular (RV) cardiac hy-
pertrophy in response to pulmonary ar-
tery banding, as well as in the setting of
pulmonary hypertension caused by
monocrotaline-induced lung injury (44).
However, since valproic acid has many
pharmacological activities, it is difficult to
know whether the efficacy observed in
these models was related directly to
HDAC inhibition. Additional investiga-
tion of the role(s) of HDACs in RV re-
modeling is warranted, especially since
maintenance of RV function in patients
with pulmonary hypertension confers a
survival advantage (45).

It will be important to determine
which HDAC isoforms promote patho-

logical remodeling of the heart. Studies
in genetically engineered mice and cul-
tured cardiomyocytes have suggested a
role for HDAC?2 in heart failure (46,47),
although these findings remain con-
tentious (48,49). More definitive answers
likely will come from the use of small
molecule inhibitors of select HDAC iso-
forms. An apicidin derivative, which is
selective predominantly for class I
HDAGCs 1, 2 and 3, was shown to sup-
press hypertrophy effectively and to im-
prove cardiac performance in the setting
of pressure overload (50). However, this
compound appeared to exhibit activity,
albeit modest, against HDAC®6 in vitro. A
critical next step is to extend these find-
ings by testing additional class I HDAC
inhibitors and newer generations of
HDAC1/2-, HDAC3-, HDAC6- and
HDACS-selective compounds in animal
models of heart failure (51).

Cardiac Inflammation, HDAC
Inhibitors and Tregs

The impact of HDAC inhibition on in-
flammation in heart failure models has
only been addressed recently. In sponta-
neously hypertensive rats (SHRs), treat-
ment with valproic acid for 20 weeks led
to reduced LV expression of IL-1p and
TNFa, which correlated with inhibition of
cardiac hypertrophy and fibrosis and im-
proved cardiac function (42). Iyer and col-
leagues performed an exhaustive analysis
of the effect of SAHA on plasma cytokine
levels in the rat deoxycorticosterone ac-
etate (DOCA)-salt model of hypertensive
cardiomyopathy (43). After 4 weeks of
treatment, SAHA reduced circulating lev-
els of multiple proinflammatory cytokines
significantly, including IL-13 , IL-6 and
TNFa, and these decreases correlated
with reduced cardiac hypertrophy and
suppression of interstitial fibrosis in the
LV. Of note, HDAC inhibition lowered
mean systemic blood pressure in both
SHR and DOCA rats, suggesting possible
effects of HDACs on vascular remodeling.

The mechanism(s) for the general anti-
inflammatory effects of HDAC inhibitors
in the setting of heart failure is unknown.
As discussed elsewhere in this review se-
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ries, HDAC inhibitors have shown re-
markable efficacy in models of organ re-
jection, reducing proinflammatory cy-
tokine expression and increasing survival
in a mouse bone marrow transplant
model of graft versus host disease
(GVHD) (52,53). Additionally, coadminis-
tration of TSA with a subtherapeutic dose
of rapamycin induces allograft tolerance
and improves survival in mouse cardiac
and pancreatic islet allograft models dra-
matically (52). The protective effects of
HDAC inhibitors in these models ap-
pears to be due to induction of regulatory
T cells (Tregs), which possess potent anti-
inflammatory properties (54). HDAC in-
hibitors stimulate Treg production by
promoting acetylation of the FoxP3 tran-
scription factor, which is a master regula-
tor of Treg differentiation (53). Efficacy of
HDAC inhibitors in mouse models of col-
lagen-induced arthritis (55) and colitis
(56) also were shown to correlate with in-
duction of Tregs.

A recent report showed that Treg num-
bers and function were reduced signifi-
cantly in patients with chronic heart fail-
ure, and the degree of Treg impairment
correlated with severity of the heart fail-
ure phenotype (57). Consistent with these
clinical findings, adoptive transfer of
Tregs reduced angiotensin II-mediated
cardiac remodeling in a mouse model
(58). Improved cardiac function in this
model was associated with reduced ex-
pression of proinflammatory cytokines
and blunted inflammatory cell infiltra-
tion in the heart. It will be interesting to
determine if beneficial effects of HDAC
inhibitors in heart failure models corre-
late with enhanced production and activ-
ity of Tregs.

ADDITIONAL MECHANISMS:
REGULATION OF HYPERTROPHY,
CONTRACTILITY AND EndoMT

The remarkable efficacy of HDAC in-
hibitors in heart failure models is likely
due to the ability of the compounds to af-
fect multiple cells types (for example,
myocytes, fibroblasts and immune cells)
and diverse pathological mechanisms (for
example, myocyte hypertrophy, fibrosis
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Figure 3. HDAC inhibitors target multiple cell fypes and mechanisms controlling heart fail-
ure. Stresses such as hypertension and Ml can trigger remodeling of the heart, resulting in
impaired systolic and diastolic function and, ultimately, heart failure. Inflammation con-
fributes to cardiac remodeling, in part, by stimulating fibroblasts to produce excess extra-
cellular matrix (ECM). HDAC inhibitors appear to block several pathogenic mechanisms
conftrolling heart failure, including inflansnmation, EndoMT and fibroblast signaling, as well as
myocyte hypertrophy and death. The antiinflammatory effects of HDAC inhibitors could
be governed by induction of Tregs, although this hypothesis has not been tested in heart
failure models. Thus, HDAC inhibitors infervene with heart failure progression at multiple
steps that are downstream of the cell surface receptors targeted by standards-of-care,
such as p-blockers, ACEi and ARBs. The unique mechanisms-of-action of HDAC inhibitors
provide intriguing possibilities for disease modulation and synergy with current standards-

of-care for heart failure.

and inflammation) that culminate in
organ damage (Figure 3). Thus, although
HDAC inhibitors have one biochemical
target (HDACs), they have multiple dis-
ease modifying mechanisms-of-action.
The means by which HDAC inhibitors
suppress pathological cardiac hypertro-
phy are still being elucidated. Based on
recent findings, it seems clear that a com-
bination of histone and nonhistone tar-
gets will play key roles. One transcrip-
tional mechanism for efficacy of HDAC
inhibitors in the heart involves the anti-
hypertrophic transcription factor,
kriippel-like factor 4 (KLF4). KLF4 over-
expression blocks cardiac hypertrophy in
culture (59,60), and KLF4 knockout mice
develop exaggerated cardiac hypertrophy
and fibrosis in response to pressure over-
load (60). Pan-HDAC inhibitors were

shown to increase expression of KLF4 in
cultured cardiomyocytes (59), most likely
by increasing acetylation of histones near
KLF4 gene regulatory elements. The re-
sulting increase in KLF4 expression ap-
peared to be sufficient to block agonist-
dependent hypertrophy of the cells.
Nontranscriptional effects of HDAC
inhibitors in the heart also have been de-
scribed. HDAC4 was shown to associate
with cardiac sarcomeres and to decrease
myofilament calcium sensitivity by pro-
moting deacetylation of muscle Lim pro-
tein (MLP); HDAC inhibitor treatment
increased calcium sensitivity of myofila-
ments from skinned fibers (61). However,
it should be noted that the HDAC in-
hibitor concentrations used in these con-
tractility studies were insufficient to in-
hibit catalytic activity of HDAC4, which
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is a class ITa HDAC (28,61). Further stud-
ies are needed to address the involve-
ment of HDAC4 and other HDACs in
the control of cardiac contractility.

HDAC inhibitors have profound sup-
pressive effects on pathological cardiac
fibrosis. Given the fact that proinflamma-
tory cytokines activate cardiac fibroblasts
to produce extracellular matrix (62,63), at
least part of the antifibrotic action of
HDAC inhibitors is likely due to im-
munomodulation. HDAC inhibitors also
appear to have direct effects on cardiac
fibroblasts. Indeed, TSA blocks trans-
forming growth factor-f (TGF-)-
mediated induction of collagen synthesis
in cultured rat ventricular fibroblasts
(37). HDAC inhibitors do not affect
TGE-B-driven phosphorylation or nu-
clear translocation of SMAD transcrip-
tion factors, which control collagen gene
expression, but do appear to suppress
other signaling mediators (for example,
ERK, AKT and PI3K) that impact colla-
gen synthesis (64,65). Furthermore,
HDAC inhibitors are capable of blocking
differentiation of fibroblasts into contrac-
tile myofibroblasts by inhibiting expres-
sion of smooth muscle a actin (66).

Endothelial-to-mesenchymal transi-
tion (EndoMT) has emerged recently as
a mechanism for production of exces-
sive numbers of cardiac fibroblasts in
adult hearts in response to pressure
overload (67). Endo-MT is stimulated by
TGF-f and suppressed by bone mor-
phogenic protein-7 (BMP-7) (67), which
is known to block fibrosis (68). Endothe-
lin-1, a potent vasoconstrictor with
promitogenic properties, also was
shown to stimulate cardiac fibrosis by
promoting EndoMT (69). Given that
part of the antioncogenic action of
HDAC inhibitors is through blockade of
epithelial-to-mesenchymal transition
(EMT) (70), future studies should ad-
dress whether HDAC inhibition alters
EndoMT in the heart.

TRANSLATION TO THE CLINIC

The preclinical results described above
justify evaluation of HDAC inhibitors in
patients with heart failure. Given the



novelty and inherent high risk of this
approach, phase Ila proof-of-concept tri-
als with small numbers of patients
would be particularly enlightening.
HFpEEF is an attractive indication for
HDAC inhibitors since it is characterized
by myocyte hypertrophy and interstitial
fibrosis, two processes that are highly
sensitive to HDAC inhibition. Further-
more, there are no FDA-approved drugs
for HFpEF, and current standards-of-
care for systolic heart failure provide lit-
tle benefit to patients with this condition
(71,72). Interestingly, patients with
rheumatoid arthritis were recently
shown to have increased prevalence of
diastolic cardiac dysfunction, providing
an additional link between inflammation
and HFpEF (73). Post-MI remodeling is
another indication for which efficacy of
HDAC inhibitors could be addressed
easily, and these trials could be pat-
terned after the recent study of anakinra
in patients with STEMI (9).

In the context of cancer, HDAC in-
hibitors are regarded currently as effec-
tive and generally well-tolerated
chemotherapeutics (74). In addition to
nausea and fatigue, HDAC inhibitors can
produce transient thrombocytopenia
and, in some instances, myelosuppres-
sion (75-78). The thrombocytopenia ap-
pears to be mechanism based, involving
suppression of GATA-1 expression (79),
but the specific HDAC isoform(s) re-
sponsible for this effect remains to be de-
termined. It is hypothesized that
isoform-selective HDAC inhibitors will
be safer than pan-HDAC inhibitors, al-
though clinical experience with isoform-
selective HDAC inhibitors is quite
limited (51).

Cancer therapy frequently is based on
maximum tolerated doses of compounds.
However, in patients with systemic onset
juvenile idiopathic arthritis, the pan-
HDAC inhibitor, ITF2357, was shown to
be safe and efficacious at relatively low
concentrations (1.5 mg/kg /day) (80). As
such, with regard to targeting inflamma-
tion in the setting of heart failure, it is
likely that efficacious doses of HDAC in-
hibitors will be significantly lower than

those required for cancer therapy, and
thus may be well tolerated.

CONCLUSION

HDAC inhibition continues to hold
promise as an innovative approach for
treating heart failure. Several questions
remain as we move toward clinical test-
ing of HDAC inhibitors for this indica-
tion. For example, it is unknown which
HDAC isoform(s) is pathological in the
heart, or whether selective inhibition of
this HDAC sulfficient for the treatment
of heart failure. Preclinical safety and ef-
ficacy studies with emerging classes of
HDAC1/2-, HDAC3-, HDAC6- and
HDACS-selective compounds are
needed to determine whether isoform-
selective HDAC inhibition will provide
a more favorable therapeutic index than
pan-HDAC inhibitors for the treatment
of a chronic, nononcology indications
such as heart failure. It is unclear why
HDAC inhibitors are efficacious in mod-
els of heart failure. As described above
(see Figure 3), HDAC inhibitors appear
to block multiple pathogenic mecha-
nisms that control heart failure. How-
ever, the mechanistic details of these ef-
fects are still lacking. For example, it is
not known if the antiinflammatory ef-
fects of HDAC inhibitors in the heart are
due to induction of Tregs or if they are
mediated by independent mechanisms.
Finally, it will be important to determine
whether HDAC inhibitors synergize
with current standards-of-care for heart
failure. Answers to these questions
should be forthcoming rapidly as mo-
mentum builds for translating HDAC-
related discoveries from the lab to the
heart failure clinic.
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