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In response to acute and chronic stresses, the heart frequently undergoes a remodeling process that is accompa-
nied by myocyte hypertrophy, impaired contractility, and pump failure, often culminating in sudden death. The 
existence of redundant signaling pathways that trigger heart failure poses challenges for therapeutic interven-
tion. Cardiac remodeling is associated with the activation of a pathological gene program that weakens cardiac 
performance. Thus, targeting the disease process at the level of gene expression represents a potentially powerful 
therapeutic approach. In this review, we describe strategies for normalizing gene expression in the failing heart 
with small molecules that control signal transduction pathways directed at transcription factors and associated 
chromatin-modifying enzymes.

Introduction
Heart failure, a complex disorder in which cardiac contractility 
is insufficient to meet the metabolic demands of the body, is the 
leading cause of death in the Western world. Approximately 5 
million individuals in the United States (2–3% of the popula-
tion) are afflicted with this syndrome, and the numbers are ris-
ing. Heart failure results from diverse acute and chronic insults, 
including coronary artery disease, myocardial infarction, hyper-
tension, valve abnormalities, and inherited mutations in sarco-
mere and cytoskeletal proteins.

Currently, heart transplantation represents the most effective 
therapy for end-stage heart failure, but this approach obviously can-
not reach the millions of affected individuals worldwide and is not 
suitable for patients with milder forms of the disease. Traditional 
therapies for heart failure have involved the use of multiple drugs 
to improve cardiac contractile function by modifying neurohumor-
al signaling (e.g., β blockers and angiotensin-converting enzyme 
inhibitors) or normalizing calcium handling by the cardiomyocyte 
(1). While such strategies promote short-term improvement in car-
diac function, the 5-year mortality rate for heart failure patients 
remains close to 50%. Thus, there is a great need for the develop-
ment of novel therapeutics, preferably new drugs, that will improve 
the quality of life and prolong survival of heart failure patients. An 
understanding of the mechanistic underpinnings of heart failure 
represents an essential step toward that goal.

Heart failure is frequently preceded by pathological enlargement 
of the heart due to hypertrophy of cardiac myocytes (2–5). Cardiac 
hypertrophy and failure are accompanied by the reprogramming of 
cardiac gene expression and the activation of “fetal” cardiac genes, 
which encode proteins involved in contraction, calcium handling, 
and metabolism (Figure 1) (6–9). Such transcriptional reprogram-
ming has been shown to correlate with loss of cardiac function 

and, conversely, improvement in cardiac function in response to 
drug therapy or implantation of a left ventricular assist device is 
accompanied by normalization of cardiac gene expression (10–12). 
Strategies to control cardiac gene expression, therefore, represent 
attractive, albeit challenging, approaches for heart failure therapy.

Pharmacological normalization of cardiac gene expression in the 
settings of hypertrophy and heart failure will require the identifica-
tion of new drug targets that serve as nodal regulators to integrate 
and transmit stress signals to the genome of the cardiac myocyte. 
Transcription factors are generally considered to be poor drug 
targets due to their lack of enzymatic activity and inaccessibility 
in the nucleus. However, we and others have recently found that 
cardiac stress response pathways control cardiac gene expression 
by modulating the activities of chromatin-remodeling enzymes, 
which act as global regulators of the cardiac genome during patho-
logical remodeling of the heart (13). Here we describe strategies for 
manipulating chromatin structure to alter cardiac gene expression 
in the settings of pathological hypertrophy and heart failure as 
a new means of “transcriptional therapy” for these disorders. We 
focus on pathways and mechanisms that govern the activity of the 
nuclear factor of activated T cells (NFAT) and myocyte enhancer 
factor–2 (MEF2) transcription factors, which integrate cardiac 
stress signals and play pivotal roles in transcriptional reprogram-
ming of the hypertrophic and failing heart.

Transcriptional remodeling of the hypertrophic  
and failing heart
In response to acute and chronic insults, the adult heart under-
goes distinct remodeling responses, which can take the form of 
ventricular wall thickening, accompanied by myocyte hypertro-
phy; or dilatation, accompanied by myocyte elongation (eccentric 
hypertrophy), serial assembly of sarcomeres, and myocyte apop-
tosis. While there may be salutary aspects of cardiac hypertrophy, 
for example, the normalization of ventricular wall stress, it is 
clear that prolonged hypertrophy in response to stress is deleteri-
ous and is a major predictor for heart failure and sudden death 
(2–5). On the other hand, physiological hypertrophy, as occurs in 
highly trained athletes or during normal postnatal development, 
represents a beneficial form of cardiac growth. A major challenge 
in designing potential therapies for cardiac hypertrophy and fail-
ure is to selectively target components of pathological signaling 
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mechanisms without affecting mechanisms of physiological car-
diac growth and function.

Heart failure is typically a disorder of pump function, although 
it can also arise from acute volume overload (acute aortic insuf-
ficiency), high-output disorders (thyroid hormone excess), and 
pericardial restriction. A hallmark of maladaptive cardiac growth 
and remodeling is the differential regulation of the 2 myosin heavy 
chain (MHC) isoforms, α and β, which has a profound effect on 
cardiac function (14). α-MHC, which is upregulated in the heart 
after birth, has high ATPase activity, whereas β-MHC has low 
ATPase activity. Pathological remodeling of the heart in rodent 
models is accompanied by upregulation of β-MHC expression and 
downregulation of α-MHC, with consequent reduction in myofi-
brillar ATPase activity and reduced shortening velocity of cardiac 
myofibers, leading to eventual contractile dysfunction. Remark-
ably, minor changes in α-MHC content of the heart can have a 
profound influence on cardiac performance (15).

Whereas β-MHC is the predominant MHC isoform in the adult 
rodent heart, the adult human heart contains primarily α-MHC, 
which has led some to doubt the relevance of MHC isoform 
switching in human heart failure. Nonetheless, there is com-
pelling evidence indicating a role for changes in MHC isoform 
expression in the pathogenesis of heart failure in humans. Indeed, 
α-MHC mRNA and protein levels are markedly reduced in failing 
human hearts (16, 17), and improvement of left-ventricular ejec-
tion fraction through β blocker therapy is associated with nor-
malization of α-MHC expression (10). Additionally, a mutation in 
the human α-MHC gene was identified in association with hyper-
trophic cardiomyopathy (18), which demonstrates that, despite 
its low abundance, α-MHC is critical for normal heart function 
and further validates the hypothesis that MHC isoform switching 
plays a significant role in human heart failure.

In addition to the α-MHC/β-MHC switch, the gene encoding the 
sarcoplasmic reticulum Ca2+ ATPase (SERCA) is commonly down-
regulated in the hypertrophic and failing heart, with consequent 
loss of efficient calcium cycling. Conversely, genes encoding the 

natriuretic peptides atrial natriuretic factor (ANF) 
and B-type natriuretic peptide (BNP) are upregulated 
as a compensatory mechanism to promote natriure-
sis and suppress myocyte hypertrophy (14). During 
pathological remodeling, the heart also undergoes a 
shift in its mode of energy utilization from oxidative 
toward glycolytic, which may further contribute to 
cardiac demise (19). Modulation of RNA polymerase 
II activity by cyclin-dependent protein kinases has 
been shown to contribute to many of the above-
mentioned processes in the diseased heart (20).

Signaling pathways leading to cardiac 
hypertrophy and failure
Diverse neurohumoral signals acting through 
numerous, interwoven signal transduction path-
ways lead to pathological cardiac hypertrophy and 
heart failure (6–9). Many such agonists act through 
cell surface receptors coupled with Gαq to mobi-
lize intracellular calcium, with consequent activa-
tion of downstream kinases and the calcium- and 
calmodulin-dependent phosphatase calcineurin. 
MAPK signaling pathways are also interconnected at 
multiple levels with calcium-dependent kinases and 

calcineurin (21). The details of these pathways have been reviewed 
elsewhere (6–9, 22). β-Adrenergic agonists also influence cardiac 
growth and function through the generation of cAMP, which acti-
vates PKA and other downstream effectors (23). While we focus in 
this review on the roles of transcriptional regulators as mediators 
of cardiac stress-response pathways, it is important to emphasize 
that such signaling pathways also target a variety of substrates in 
the cardiomyocyte, including components of the contractile appa-
ratus, calcium channels, and their regulatory proteins.

Control of gene expression  
by histone acetylation/deacetylation
In eukaryotes, histone-dependent packaging of genomic DNA 
into chromatin is a central mechanism for gene regulation. The 
basic unit of chromatin, the nucleosome, comprises DNA wrapped 
around a histone octamer. Nucleosomes interact to create a highly 
compact structure that limits access of transcriptional machinery 
to genomic DNA, thereby repressing gene expression (24).

Histone acetyltransferases (HATs) and histone deacetylases 
(HDACs) act in an opposing manner to control the acetylation 
state of nucleosomal histones (Figure 2A). Acetylation of the con-
served amino-terminal histone tails by HATs is thought to relax 
nucleosomal structure by weakening the interaction of the posi-
tively charged histone tails with the negatively charged phosphate 
backbone of DNA, allowing access of transcriptional activators 
and gene induction. Deacetylation of nucleosomal histones by 
HDACs results in transcriptional repression.

There are multiple mammalian HDACs, which fall into 3 
classes on the basis of structural and biochemical characteris-
tics (25). Class I HDACs consist primarily of a catalytic domain, 
while class II HDACs contain amino-terminal extensions of 
approximately 500 residues that harbor binding sites for other 
transcriptional regulators. The amino-terminal extensions of 
class II HDACs also contain conserved phosphorylation sites 
that serve as targets for signaling pathways, thereby connecting 
signals from outside the cell to the genome. Class III HDACs are 

Figure 1
Abnormalities associated with cardiac remodeling during pathological hypertrophy 
and heart failure.
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unique in that they require nicotinamide adenine dinucleotide 
(NAD) for catalytic activity.

Control of cardiac growth by class II HDACs
Evidence supporting a role for HDACs in the control of stress-
induced cardiac remodeling initially came from studies of class II 
HDACs. Forced overexpression of class II HDACs 5 or 9 in cardiac 
myocytes prevents hypertrophy in response to diverse agonists 
(26–28). More important, mice in which the gene encoding either 
HDAC5 or HDAC9 has been disrupted by homologous recom-
bination are hypersensitive to pathological signals, developing 
cardiomegaly and eventual cardiac failure in response to stress-
es such as pressure overload or introduction of the calcineurin 
transgene (Figure 2B) (26–29).

Abnormal cardiac growth in HDAC-knockout animals cor-
relates with superactivation of the MEF2 transcription factor 
(26), which suggests a causal relationship between MEF2 activ-
ity and the development of cardiac pathology. Indeed, prior 
studies established that MEF2 factors selectively associate with 
class II HDACs via an 18-amino-acid motif present only in these 
HDACs. Class II HDACs form a complex with MEF2 on gene 

regulatory elements, resulting in repression of genes harboring 
MEF2 binding sites (30).

Posttranslational regulation of class II HDACs
Class II HDAC levels do not appear to change in stressed myo-
cardium (26, 29). Instead, these HDACs are shuttled from the 
nucleus to the cytoplasm in response to stress (Figure 3), which 
provides a posttranslational mechanism to override HDAC-
mediated repression of cardiac growth (27, 28, 31). This redis-
tribution of HDACs frees MEF2 (and other transcription fac-
tors) to associate with HATs (32, 33), resulting in increased local 
histone acetylation and activation of downstream genes that 
promote cell growth.

Nucleocytoplasmic shuttling of class II HDACs is dependent on 
phosphorylation of 2 serine-containing motifs found exclusively 
in these HDACs (34–36). When phosphorylated, these motifs 
associate with a chaperone protein, termed 14-3-3, which results 
in the unmasking of a class II HDAC nuclear export sequence 
(NES) (35–38). The NES is subsequently bound by the CRM1 
nuclear export receptor, which escorts class II HDACs from the 
nucleus to the cytoplasm (Figure 4).

Figure 2
Model of HDAC function and hypersensitivity 
of HDAC9-knockout mice to cardiac stress. 
(A) Schematic of chromatin structure and the 
actions of HATs and HDACs. HATs acetylate 
(Ac) histones, causing relaxation of nucleo-
somal structure and transcriptional activa-
tion. HDACs oppose the actions of HATs by 
deacetylating histones, causing chromatin 
condensation and transcriptional repres-
sion. (B) Histological sections of adult mouse 
hearts of the indicated genotypes are shown. 
HDAC9-null mice do not display a cardiac 
phenotype at early age. The cardiac calci-
neurin transgene (Calcineurin-Tg) induces 
dramatic cardiac growth, which is exacerbat-
ed in the absence of HDAC9. Adapted with 
permission from Cell (26).

Figure 3
Agonist-dependent nuclear export of HDAC5 correlates with 
cardiomyocyte hypertrophy. Stimulation of cardiomyocytes 
with neurohumoral agonists evokes a hypertrophic response 
characterized by fetal gene activation, sarcomere assembly, 
and hypertrophy. The upper panels show the subcellular dis-
tribution of HDAC5 fused to GFP. In unstressed myocytes, 
HDAC5-GFP is localized to the nucleus, whereas stimula-
tion with a hypertrophic agonist causes it to redistribute to 
the cytoplasm. A small molecular inhibitor of the signaling 
pathway from the cell surface to HDAC5 prevents nuclear 
export of HDACs and blocks hypertrophy, as detected by 
staining for sarcomeric α-actinin.
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Signal-dependent neutralization of class II HDACs is a key step in 
the control of stress-mediated cardiac growth. Thus, there is inter-
est in identifying signaling molecules that govern posttranslational 
modification and trafficking of these transcriptional regulators. 
The availability of small molecules that specifically sustain the 
repressive function of class II HDACs by inhibiting such signaling 
factors should provide a novel means to control pathological cardi-
ac remodeling. Initial studies demonstrated that calcium/calmod-
ulin-dependent protein kinase (CaMK) is a potent class II HDAC 
kinase (34). However, an important issue was whether CaMK is the 
sole kinase responsible for regulating HDAC nuclear export in the 
heart or whether multiple kinases might converge on the regulato-
ry HDAC phosphorylation sites, and thus different HDAC kinases 
might be activated in response to different stimuli.

We recently showed that signaling via PKC leads to the phos-
phorylation of the same sites in HDAC5 that are phosphorylated by 
CaMK (28). The PKC family includes at least 12 different isoforms, 
many, but not all, of which are expressed at appreciable levels in the 
myocardium (39). Direct activation of PKC by phorbol ester is suffi-
cient to induce nuclear export of HDAC5, and hypertrophic agonists 
stimulate nuclear export of HDAC5 in cardiac myocytes through a 
signaling pathway that depends on PKC activation (28).

PKCs are unable to directly phosphorylate HDACs and instead 
modulate HDAC phosphorylation via the downstream effector 
kinase PKD. PKD, which is phosphorylated and activated by PKC, 
physically associates with HDAC5 and promotes phosphorylation 
of the 14-3-3 binding sites on the protein, which results in HDAC 
nuclear export. Importantly, small molecule inhibitors that target 
PKC and PKD, but not CaMK, abolish agonist-mediated nuclear 
export of HDAC5 cardiac myocytes, which suggests a predominant 
role for this pathway in the control of HDAC5 in the heart.

PKD inhibitors
Numerous kinase inhibitors are in development for a variety of 
clinical indications (40). Our data suggest that PKD inhibitors 

could be used to block cardiac remodeling in settings where class 
II HDACs are subject to signal-dependent neutralization. To date, 
PKD-specific inhibitors have not been identified. However, a het-
erocyclic derivative of the general serine/threonine kinase inhibi-
tor staurosporine, termed Gö-6976, has been shown to function as 
a potent PKD inhibitor (41). Although Gö-6976 blocks the activity 
of several kinases in addition to PKD, it may be possible to synthe-
size analogs with enhanced specificity.

PKD was recently shown to have the capacity to phosphorylate 
cardiac troponin I (cTnI), resulting in enhanced contractility (42). 
Whether PKD is a bona fide TnI kinase, and the implications of 
this finding on the potential for PKD inhibitors as heart failure 
therapeutics awaits further investigation. It should also be noted 
that PKD is expressed in many cell types in addition to cardio-
myocytes, and has been implicated in processes as diverse as Golgi 
transport, proliferation, and apoptosis (43). Clearly, PKD inhibi-
tors may have effects, both positive and negative, in the heart 
and in other tissues. In vivo proof-of-concept testing with PKD 
inhibitors awaits the identification of novel bioavailable small 
molecules with potent and selective activity against this kinase. 
High-throughput screening and medicinal chemistry approaches 
may reveal such compounds.

A potential complication of therapeutically targeting a single 
kinase such as PKD to control class II HDACs in the heart is the 
possible existence of redundant kinases able to bypass the block-
ade of PKD. An approach to circumvent this problem may involve 
inhibiting events that occur following HDAC phosphorylation, 
such as dissociation of phospho-HDAC from MEF2 or HDAC 
shuttling to the cytosol.

MEF2/HDAC — additional considerations
It is important to emphasize that HDACs and HDAC kinases do 
not function in isolation to control MEF2 activity. Indeed, MEF2 is 
regulated by a plethora of signaling networks that include MAPKs, 
as well as the calcineurin phosphatase (30, 44). One mechanism 

Figure 4
Signal-dependent modulation of cardiac genes 
and hypertrophy by class II HDACs. MEF2 
recruits class II HDACs to target genes, which 
results in transcriptional repression due to chro-
matin condensation. Stimulation of cardiomyo-
cytes with neurohumoral agonists acting through 
G-protein coupled receptors (GPCRs) activates 
kinase pathways that culminate with the phos-
phorylation of class II HDACs and their export 
to the cytoplasm as a complex with 14-3-3  
proteins. The nuclear export protein CRM1 is 
required for HDAC nuclear export. The release 
of class II HDACs from MEF2 allows for the 
association of HATs with MEF2 and conse-
quentially chromatin relaxation and transcrip-
tional activation of fetal cardiac genes.
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for calcineurin-dependent activation of MEF2 involves NFAT tran-
scription factors, which, upon dephosphorylation by calcineurin, 
translocate to the nucleus and facilitate recruitment of HATs to 
MEF2-response elements (see below) (45).

A challenge in developing inhibitors of MEF2 (or other compo-
nents of signaling pathways) will be to ensure that sufficient MEF2 
activity is maintained for homeostatic control in the heart. Indeed, 
ablation of MEF2 in the heart can lead to dilated cardiomyopathy in 
mice and has been linked to increased risk of myocardial infarction 
in humans (46, 47). These phenotypes may be related to the ability 
of MEF2 to regulate expression of the PPARγ coactivator-1α (PGC-1) 
transcription factor, a master regulator of mitochondrial biogenesis 
(48). In what may be a related finding, cardiomyopathy induced by 
cyclin-dependent kinase 9 signaling was recently shown to be associ-
ated with repression of MEF2-mediated PGC-1 expression (49).

Control of cardiac growth by the calcineurin/NFAT axis
Kinase cascades can certainly regulate cardiac gene expression 
through negative effects on HDACs. However, protein phospha-
tases likely play an equally important role in the regulation of 
chromatin structure during cardiac remodeling. In this regard, 
the calcium- and calmodulin-dependent protein phosphatase cal-
cineurin is activated in response to cardiac stress signaling, and its 
activation has been shown to be sufficient and, in many cases, nec-
essary for pathological cardiac hypertrophy (50, 51). Calcineurin 
dephosphorylates members of the NFAT family of transcription 
factors, which enables them to translocate into the nucleus, where 
they activate transcription in cooperation with other transcription 
factors, including MEF2 and GATA4 (Figure 5).

Misexpression of a mutant form of NFAT, which lacks the regula-
tory phosphorylation sites and therefore mimics the activated form 
of the protein, is sufficient to induce cardiac hypertrophy in vivo 

(50). The ability of this single activated tran-
scription factor to substitute for upstream 
stress signals underscores the importance of 
transcriptional control in the pathogenesis 
of cardiac hypertrophy and heart failure. 
The prohypertrophic action of calcineurin 
can be suppressed by the activity of gly-
cogen synthase kinase–3 (GSK3) (52–54),  
which phosphorylates the calcineurin sub-

strate sites in NFAT proteins, thereby driving NFAT from the 
nucleus to the cytoplasm and preventing hypertrophy.

NFAT factors activate gene expression, in part, by recruiting HATs 
to gene regulatory elements harboring NFAT and MEF2 binding 
sites. Thus, calcineurin inhibitors should block the ability of NFAT 
to trigger chromatin-remodeling events that stimulate expression of 
genes required for pathological cardiac growth. Consistent with this 
hypothesis, inhibition of calcineurin signaling with cyclosporin A or 
FK-506 can prevent cardiac hypertrophy in animal models (50, 51, 
55). However, since these compounds also suppress T cell function 
and have other side effects, they will not likely be suitable for long-
term treatment of patients with heart failure.

There has been interest in developing small molecules that spe-
cifically suppress calcineurin/NFAT signaling in the heart and 
thereby circumvent the undesirable immunosuppressive effects 
associated with global calcineurin inhibition. In this regard, cal-
cineurin signaling is inhibited by a family of muscle-enriched pro-
teins, referred to as modulatory calcineurin-interacting proteins 
(MCIPs) (56), which associate with the calcineurin catalytic sub-
unit and restrain its activity. Thus, it may be possible to selectively 
suppress calcineurin in the heart by enhancing the expression of 
MCIP or its association with calcineurin.

MCIP1 expression is activated by calcineurin through a series 
of NFAT binding sites in the promoter of the MCIP1 gene, which 
provides a calcineurin-dependent negative feedback loop whereby 
the heart can restrain potentially deleterious calcineurin signaling 
(Figure 5) (57). Consistent with the notion that MCIP1 acts as an 
endogenous suppressor of calcineurin, MCIP1-knockout mice are 
hypersensitive to calcineurin signaling and rapidly develop fatal 
cardiac hypertrophy in response to calcineurin activation (Figure 
6) (58). Conversely, overexpression of MCIP in the heart protects 
against diverse stress signals and blocks hypertrophy (Figure 6) 

Figure 5
Signal-dependent modulation of cardiac genes 
and hypertrophy by calcineurin/NFAT signal-
ing. Stimulation of cardiomyocytes with neuro-
humoral agonists acting through GPCRs acti-
vates calcineurin, which dephosphorylates 
NFAT, allowing its entry into the nucleus, 
where it acts with other transcription factors, 
such as GATA4, to activate stress-response 
genes. Glycogen synthase kinase–3 (GSK3) 
phosphorylates the serine residues dephos-
phorylated by calcineurin, driving NFAT back 
to the cytoplasm and terminating the growth 
signal. The MCIP1 gene is a target of calci-
neurin/NFAT signaling, and its protein product 
associates with calcineurin to restrain its activ-
ity, thereby creating a negative feedback loop 
to govern cardiac growth.
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(59, 60). MCIP overexpression has also been shown to sustain car-
diac function and enhance survival following myocardial infarc-
tion in mice (61). Importantly, blockade to hypertrophy by MCIP 
overexpression does not result in cardiac decompensation, which 
supports the notion that strategies to prevent pathological hyper-
trophy will not necessarily be counterproductive (55, 59, 60). MCIP 
also plays a permissive role in calcineurin activation, the basis of 
which is incompletely understood (58). However, the inhibitory 
activity of MCIP toward calcineurin is dominant under conditions 
of MCIP overexpression.

A chemical screen for modulators  
of the calcineurin/NFAT axis
Based on the apparent cardioprotective functions of MCIP1, a 
high-throughput screen for small molecular activators of MCIP1 
expression in cardiac myocytes was designed (27). In principle, such 
activators could induce MCIP1 expression through stimulation of 
the calcineurin/NFAT signaling pathway, in which case they would 
likely be prohypertrophic, or they could act through other mecha-
nisms. In a study using regulatory DNA sequences from the MCIP1 
gene linked to a luciferase reporter, several novel small molecules 
capable of inducing luciferase expression were identified (27). One 
such activator, pyridine activator of myocyte hypertrophy (PAMH), 
dramatically stimulated MCIP1 expression.

Scrutiny of the structure of PAMH revealed an embedded phar-
macophore resembling serotonin (5-hydroxytryptamine [5-HT]) 
(Figure 7). Indeed, 5-HT receptor antagonists abolished PAMH 
activity on cardiomyocytes, and direct ligand binding assays 
showed that PAMH binds the 5-HT2B receptor with an affinity of 
approximately 60 nM (27).

Through analysis of the effects of a series of small molecule inhibi-
tors on PAMH activity, PAMH was found to induce MCIP1 expres-
sion by activating calcineurin with consequent nuclear import of 
NFAT and by promoting the phosphorylation-dependent nuclear 
export of class II HDACs. Thus, although PAMH potently upregu-
lates MCIP expression, it does so through mechanisms that are pre-
dicted to exacerbate pathological remodeling of the heart. Indeed, 
PAMH was found to dramatically stimulate hypertrophy of cultured 
myocytes. Given this shortcoming, additional screens were devised 
to identify small molecules that elevate cardiac MCIP protein levels 
through calcineurin-independent mechanisms.

Although PAMH is unlikely to progress as a development can-
didate for heart failure, it has altered the paradigm for cardiac 
calcineurin signaling and has uncovered novel possibilities for 
manipulation of calcium signaling in the heart. Because PAMH is 
able to mimic 5-HT, we screened structurally related compounds 
to find one that might also modulate calcineurin signaling via the 
5-HT2B receptor and discovered another novel 4-amino pyridine, 
A-PAMH, which antagonizes the activity of PAMH (27). Intrigu-
ingly, A-PAMH also blocks the hypertrophic effects of PE, which 
acts through the α-adrenergic receptor. We do not currently under-
stand the molecular basis for this antagonism, which could reflect 
crosstalk between the 5-HT2A/B and α-adrenergic receptors, com-
petition between A-PAMH and PE for binding to the α-adrenergic 
receptor, or another mechanism.

Consistent with the finding that signaling through 5-HT2A/B  

receptors can drive cardiac growth, overexpression of the 5-HT2B 
receptor in the heart leads to cardiac hypertrophy (62), and  
5-HT2B receptor–knockout mice die during mid-gestation from a 
failure of ventricular growth (63). We propose a model in which 
5-HT2A/B signaling promotes cardiac hypertrophy by stimulat-
ing calcineurin/NFAT signaling, with consequent recruitment of 
HATs to regulatory regions of NFAT target genes. Since PAMH 
also stimulates nuclear export of class II HDACs, it is likely that 
MEF2 plays a role in the mechanism by which 5-HT2A/B signaling 
triggers cardiac remodeling.

Normalization of cardiac gene expression  
with HDAC inhibitors
In addition to indirectly regulating chromatin structure via small 
molecules that target signaling pathways, it may also be possible 

Figure 6
Modulation of cardiac calcineurin signaling by MCIP expres-
sion. The upper set of panels shows the effect of calcineu-
rin signaling in MCIP1-knockout mice. In the absence of 
MCIP, the heart is sensitized to calcineurin signaling and 
rapidly undergoes fatal hypertrophy. Because of the height-
ened sensitivity of MCIP1-knockout mice to calcineurin, 
only a weak calcineurin transgene can be expressed in the 
absence of MCIP1. A stronger calcineurin transgene, as 
used in the lower panels, results in heart failure and death 
within the first few days after birth. The lower set of panels 
shows the effect of calcineurin signaling in mice that over-
express MCIP1 in the heart. Overexpression of MCIP1 pre-
vents pathological hypertrophy. Adapted with permission 
from Proceedings of the National Academy of Sciences of 
the United States of America (58, 59).

Figure 7
Structures of serotonin, PAMH, and A-PAMH.
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to therapeutically control cardiac remodeling by directly inhib-
iting chromatin-modifying enzymes. In this regard, synthetic 
and naturally occurring small molecule inhibitors of HATs have 
been described (64, 65). Several classes of enzymatic inhibitors of 
HDACs, including hydroxamic acids, short chain fatty acids, ben-
zamides, cyclic tetrapeptides, and bicyclic depsipeptides, have also 
been identified (66).

The effect of HAT inhibitors on cardiac remodeling remains 
unknown. However, given the ability of the p300 HAT to stim-
ulate dilated cardiomyopathy in mice (67), this class of com-
pounds may prove beneficial in the context of heart failure. Sur-
prisingly, HDAC inhibitors have been found to potently repress 
agonist-dependent cardiac hypertrophy in a manner that cor-
relates with increased histone acetylation (68, 69). This finding 
was paradoxical, since class II HDACs block cardiac hypertrophy, 
and HDAC inhibitors would logically be predicted to neutralize 
this repressive function.

How might the paradoxical effects of class II HDACs and 
HDAC inhibitors on cardiac growth be explained? The demon-
stration that class II HDAC catalytic activity is not required to 
repress the hypertrophic program suggests that these HDACs act 
through a mechanism independent of HDAC activity to repress 
hypertrophy (26). The antihypertrophic action of class II HDACs 
likely lies in their capacity to prohibit binding of HATs to MEF2 
or other transcription factors and to repress transcription via 
HDAC-independent mechanisms (13).

Based on the results with HDAC inhibitors, one or more 
HDACs may play a positive or permissive role in the control of 
cardiac hypertrophy. Given the antihypertrophic function of class 
II HDACs, a class I HDAC(s) likely fulfills this role. Of note, the 
HDAC inhibitors used in studies of cardiac hypertrophy do not 
antagonize NAD-dependent class III HDACs. A testable prediction 
of this model is that overexpression of a class I HDAC in the heart 
will cause pathological hypertrophy.

The mechanism for HDAC inhibitor–mediated repression of car-
diac hypertrophy remains unknown. We envision at least 3 pos-
sibilities (Figure 8). (a) HDACs may be required to block expres-
sion of genes that encode repressors of cardiac growth. (b) HDACs 
may stimulate expression of a pro-cardiac growth gene(s). In this 
regard, although HDACs are typically associated with gene repres-
sion, there is an increasing number of examples in which HDACs 
have been linked to gene induction (70). (c) HDACs may directly 

or indirectly modulate prohypertrophic signal transduction cas-
cades. Indeed, several nonhistone targets for HATs/HDACs have 
been identified, including factors implicated in cardiac remodel-
ing, such as tubulin and the GATA transcription factor (67, 71).

Potential for HDAC inhibitors in heart failure therapy
The fortuitous discovery that HDAC inhibitors repress cardiac 
hypertrophy and normalize cardiac gene expression in the face 
of stress may ultimately affect the treatment of heart failure in 
humans. Importantly, HDAC inhibition in vitro and in vivo 
results in downregulation β-MHC expression, with a concomi-
tant increase in the levels of α-MHC (68, 72). Thus, we predict 
that HDAC inhibitors will not only antagonize deleterious cardiac 
growth, but will also increase myofibrillar ATPase activity and 
improve contractility in the failing heart.

Advancement of an HDAC inhibitor into the clinic for the treat-
ment of heart failure awaits rigorous preclinical testing in animal 
models of pathological cardiac remodeling. Nonetheless, enthusi-
asm for this novel therapeutic approach is buoyed by successes with 
HDAC inhibitors in other disease models as well as in humans. 
Indeed, at least 9 independent approaches for HDAC inhibition 
are currently being tested in human clinical trials for cancer, and 
therapeutic benefit and tolerability have been observed (66).

Looking to the future
The primary focus of this review has been on pathways and inter-
ventions that affect cardiomyocyte hypertrophy as an endpoint. 
While cardiac hypertrophy is clearly an important prognostic indi-
cator of poor clinical outcome (2–5), it is but one component of 
the remodeling process, and deleterious remodeling can occur in 
the absence of cardiac cell growth. A common feature of remodel-
ing, regardless of etiology, is fetal cardiac gene induction, which is 
thought to contribute to cardiac demise through the dysregulation 
of genes encoding proteins that control cardiac contractility (e.g., 
MHC). The types of transcriptional therapies proposed here would 
be designed to block not hypertrophy per se, but rather the patho-
logical gene program that underlies the remodeling process.

Despite the success of lipid-lowering drugs for the prevention 
of coronary artery disease and myocardial infarction, and several 
decades of effort toward modifying cardiac function through 
traditional drug targets, heart failure remains the most com-
mon cause of disease-related death in the Western world, and 

Figure 8
Potential roles of HDACs in cardiac myocytes. 
Class II HDACs repress hypertrophy. Their 
activity is repressed by signal-dependent 
phosphorylation. Class I HDACs appear to be 
prohypertrophic based on the ability of HDAC 
inhibitors to prevent hypertrophy. Class I 
HDACs could act by inhibiting prohypertrophic 
signaling pathways, by inhibiting the expres-
sion of growth inhibitory genes or by activating 
the expression of pro-growth genes.
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all projections for the future point to a continued increase in 
its prevalence. Thus, major advances toward the reduction of 
heart failure incidence will require new therapeutic approaches. 
We propose that pathological cardiac remodeling in the settings 
of hypertrophy and heart failure can be viewed, at least in part, 
as a transcriptional disorder and that normalization of the gene 
expression pattern of the cardiac myocyte through transcrip-
tional therapies represents a promising and largely unexploited 
approach for cardiac therapy. Recent advances in understanding 
stress-response pathways responsible for heart failure and mech-
anisms of cardiac gene expression, combined with new technolo-
gies for high throughput screening for novel small molecular 
modifiers of cellular functions, offer promising and untapped 
opportunities for success in failure.
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