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Introduction
When responding to injury, damaged tissue 
begins the repair process to recover the tissue’s 
original architecture and function. This injury–
repair process is complex and must be well 
orchestrated. Dysregulation of this process would 
result in fibrosis and ultimately organ failure.1 
Fibrosis can affect many organs, including the 
heart and lungs.2 Despite the different pathways 
in the different processes of organ fibrosis, there 
are some core signal pathways, such as transform-
ing growth factor β1 (TGF-β1), which is acti-
vated in virtually all fibrotic process.3 TGF-β1 
activates fibroblasts to become myofibroblasts.4 
Myofibroblasts are the key effector cells, charac-
terized by the production of extracellular matrix 
(ECM) and the expression of alpha-smooth mus-
cle actin (α-SMA).4 The pathogenesis of fibrosis 
is unclear, for example, it is not completely under-
stood why myofibroblasts are transient in the nor-
mal injury–repair process but are persistent in 

fibrotic diseases.5 Increasing evidence reveals that 
epigenetic mechanisms play a pivotal role in this 
process and indicates that epigenetic methods 
may provide great therapeutic opportunities for 
this disorder.

Epigenetic process refers to the inheritable altera-
tions in phenotype without changes in gene 
sequence,6 which is critical in regulating gene 
expression. There are three major epigenetic 
modifications: DNA methylation, histone modifi-
cations, and microRNAs .7,8 Histone modifica-
tion is a reversible process, which indicates the 
covalent posttranslational modification of histone 
proteins, including methylation, acetylation, 
phosphorylation, adenylation, ubiquitination, 
sumoylation, and ADP ribosylation.9 The most 
common and best-characterized histone modifi-
cation is acetylation. The acetylation of histone is 
governed by histone acetyltransferases (HATs) 
and histone deacetylases (HDACs),10 which work 
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together to control histone acetylation (Figure 
1A). HATs catalyze the transfer of acetyl groups 
from acetyl-CoA to the lysine ε-amino groups on 
the N-terminal tails of histones, which weakens 
the interaction of the histone tail and DNA, pro-
moting transcriptional activation. In contrast, 
HDACs remove the acetyl groups from acetylated 
histones, increase chromatin condensation, and 
suppress gene transcription.11

Interactions between HATs and HDACs control 
the acetylation status, and the HATs and HDACs 
are usually linked or physically associated with 
other proteins that have catalytic activities12 or are 
regulatory factors.13 It is critical to consider their 
roles in a cellular context–dependent manner and 
their interactions with other regulators.14 For 
example, inhibition of HAT p300 decreases the 

transcription of collagen and α-SMA in cardiac 
fibrosis by blocking the acetylated histone associ-
ated with the genes.15 On the other hand, inhibi-
tion of HDAC induces general histone acetylation 
yet decreases collagen expression by depleted 
association of acetylated histone at the collagen 
promoter region.16 The mechanisms of this 
change is not clear, but emerging data have shown 
that HDAC inhibition can induce histone dea-
cetylation at a localized promoter to downregu-
late the target genes.16–19 In addition to histone, 
many transcriptional factors such as Sp1 and 
nuclear factor (NF)-kB are also targets of HDAC 
deacetylation.20,21 Inhibition of HDAC would 
also affect these proteins, which would affect the 
target gene transcription. A study in lymphoma 
cells observed increased transcriptional factor 
Sp1 acetylation by HDAC inhibition, which 

Figure 1. A. Histone acetyltransferases and histone deacetylases control histone acetylation. HATs transfer 
the acetyl groups to the lysine residuals on histone proteins; this weakens the interaction of histone and DNA 
to promote gene transcription. HDACs remove the acetyl groups on histone proteins, increase chromatin 
condensation, and suppress gene transcription. There are four major classes of HDACs, as listed.
Ac, acetylated histone; HATs, histone acetyltransferases; HDACs, histone deacetylases.
B. HDAC inhibitors target various processes in which HDACs are involved in cardiac and pulmonary fibrosis. Cardiac or 
pulmonary injury/stress can trigger the remodeling of the heart or lung tissues. This involves many processes, such as 
inflammation, epithelial to mesenchymal transition (EMT), or endothelial to mesenchymal transition (EndMT). EMT (or 
EndMT) provides additional fibroblasts for the remodeling process. The fibroblasts, regardless of their origins, differentiate 
into myofibroblasts, the central effector cells of the remodeling process. Dysregulation of this remodeling process leads 
to cardiac or pulmonary fibrosis. Different HDACs are involved in this process, which could be blocked by various HDAC 
inhibitors to improve the resolution of fibrosis.
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significantly decreased the binding of Sp1 to the 
Bcl-2 promoter region and contributed to Bcl-2 
downregulation.19 Thus, extensive evaluations of 
associated proteins that are involved in the tran-
scriptional control of a target gene are needed to 
determine gene expression change when inhibit-
ing HDAC.

HDACs are involved in many cellular processes. 
Dysfunction of the HDACs is associated with vari-
ous diseases, such as cancer, diabetes, and cardiac 
hypertrophy.22–24 HDAC inhibitors (HDACIs) are 
molecules that bind with HDACs and interfere/
block their functions.25 HDACIs are involved in 
processes such as regulating gene expression and 
apoptosis, through acetylation of histone and non-
histone proteins.17,22 Currently, four HDACIs 

have been approved by the US Food and Drug 
Administration (FDA) for clinical use in hemato-
logic tumors.26 There are many clinical trials in 
progress of HDACIs for a variety of tumors27 
(Table 1). However, for many other diseases, such 
as fibrotic diseases, HDACIs are only in preclinical 
studies. In the past decade, a growing number of 
studies have demonstrated that HDACs are 
involved in the initiation and progression of fibro-
sis in multiple organs, including heart,28 lung,29 
liver,30 and kidney.31 HDACIs have been shown to 
ameliorate various forms of fibrosis in animal mod-
els.16,32,33 In this review, we focus on the latest 
findings of the roles of HDACs in the pathogenesis 
of cardiac and pulmonary fibrosis and highlight the 
potential applications and limitations of HDACIs 
in these two fibrotic diseases.

Table 1. HDACIs in clinical trials.

HDACI Class HDAC Target Clinical Usage Phase Reference

Vorinostat (SAHA, 
Zolinza®)

Hydroxamates Class I, II, and 
IV

CTCL Phase II Duvic et al.34

 Soft tissue sarcomas Phase II Schmitt et al.35

 Sickle cell disease Phase I/II Okam et al.36

 Melanoma Phase II Haas et al.37

 Gastrointestinal cancer Phase I Doi et al.38

 Follicular and mantle cell 
lymphoma

Phase I Watanabe et al.39

 Prostate cancer Phase II Bradley et al.40

 Glioblastoma multiforme Phase II Galanis et al.41

 HIV infection Phase II Elliott et al.42

Panobinostat (LBH589, 
Farydac®)

Hydroxamates Class I and II MDS or AML Phase 3 Bug et al.43

 Metastatic melanoma Phase I Ibrahim et al.44

 Neuroendocrine tumors Phase II Jin et al.45

 Solid tumors Phase I Jones et al.46

 HIV infection Phase I/II Olesen et al.47

Belinostat (Beleodaq™, 
PXD101)

Hydroxamates Class I and II Lymphoma Phase II Puvvada et al.48

 PTCL Phase II O’Connor et al.49; 
Foss et al.50

 (Continued)

https://journals.sagepub.com/home/taj


Therapeutic Advances in Chronic Disease 10

4 journals.sagepub.com/home/taj

HDACI Class HDAC Target Clinical Usage Phase Reference

 Liver cancer Phase I/II Wang et al.51;  
Yeo et al.52

 Ovarian cancer. Phase II Dizon et al.53

Givinostat (ITF2357) Hydroxamates Class I and II Duchenne muscular 
dystrophy

Phase I/II Bettica et al.54

 Polycythemia vera Phase II Finazzi et al.55

 Myeloproliferative 
diseases

Phase IIA Rambaldi et al.56

Romidepsin (FK228, 
Istodax®)

Cyclic tetrapeptide Class I and II PTCL Phase II Shustov et al.57

 Non–small-cell lung 
cancer

Phase I Gerber et al.58

 HIV infection Phase I Sogaard et al.59

Entinostat (MS-275) Benzamides Class I Metastatic colorectal 
cancer

Phase II Azad et al.60

 Breast cancer Phase II Connolly et al.61

 Hodgkin lymphoma Phase II Batlevi et al.62

 Myeloid neoplasm Phase II Prebet et al.63; 
Fandy et al.64

Valproic acid (VPA) Short-chain fatty 
acids

Class I Gastric cancer Phase II Fushida et al.65

 Non-small cell lung 
cancer

Phase I Chu et al.66

 Rectal cancer Phase I/II Avallone et al.67

AML, acute myeloid leukemia; CTCL, cutaneous T-cell lymphoma; HIV, human immunodeficiency virus; MDS, myelodysplastic syndrome; PTCL, 
peripheral T-cell lymphoma.

Table 1. (Continued)

Cardiac and pulmonary fibrosis
Cardiac fibrosis is the final stage of various cardio-
vascular diseases including hypertension, myocar-
dial infarction (MI), and ischemic, dilated, and 
hypertrophic cardiomyopathy.68 Excess deposition 
of ECM, such as collagen and fibronectin, impairs 
cardiac systolic and diastolic functions, disrupts 
electrical conduction, and predisposes to fatal 
arrhythmias, heart failure, even sudden death.69,70 
Although our knowledge of cardiac fibrosis has 
advanced tremendously over the past decade, there 
are still no viable therapies to reverse this disorder. 
Similarly, a variety of lung injuries and diseases 
result in pulmonary fibrosis.71 The most common 

and pernicious form of pulmonary fibrosis is idio-
pathic pulmonary fibrosis (IPF).72 IPF is a chronic 
progressive disease with high mortality and 
unknown etiology.73 The mechanisms governing 
fibrosis are not well understood, but studies show 
that epigenetic mechanisms are involved in the 
pathogenesis of cardiac and pulmonary fibrosis.74,75 
HDACs participate in the process of cardiac and 
pulmonary fibrosis.76–78 HDACIs are reported to 
improve the resolution of these two kinds of fibrosis 
in preclinical studies .17,79 We reviewed the role of 
DNA methylation in organ fibrosis80; here, we 
focus on HDAC family members in the process of 
cardiac and pulmonary fibrosis.
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HDACs, HDACIs, and related clinical/
preclinical studies

HDACs
Eighteen HDACs have been identified in mam-
mals (Figure 1A) and are classified into four 
groups based on their homology to yeast pro-
teins.81 Class I includes HDAC 1, 2, 3, and 8, 
which exist in the nucleus. Class II has HDAC 4, 
5, 6, 7, 9, and 10; these enzymes shuttle between 
the cytoplasm and nucleus, which further divide 
into two subgroups as Class IIa (HDAC 4, 5, 7, 
and 9) and Class IIb (HDAC 6, 10). HDAC11 is 
the sole member of Class IV, which shares the 
catalytic domain of both class I and II HDACs. 
These three classes of HDACs are all zinc-
dependent enzymes, usually called classical 
HDACs.82 However, Class III HDAC, including 
sirtuins 1–7, is nicotinamide adenine dinucleotide 
(NAD+) dependent. Sirtuins are most commonly 
correlated with aging.83 We focus on the classical 
HDACs and their inhibitors in this review.

In addition to histone proteins, HDACs also dea-
cetylate many nonhistone proteins to control 
diverse cellular processes.84 As we mentioned ear-
lier, some transcriptional factors are targets of 
acetylation, whose activities can be affected by 
HDAC or HDACI.85 It is important to note that 
acetylation and deacetylation occur not only in 
the nucleus but also in the cytoplasm, and they 
influence the functions of target substrates.84

HDACIs
In general, the zinc-dependent HDACIs have 
three pharmacophores: a Zn2+-binding group, a 
polar connection unit, and a surface binding or 
cap group.86 Based on the structure of the Zn2+-
binding group, the HDACIs are divided into four 
structurally distinct groups: (a) hydroxamic acids, 
(b) short-chain fatty acids (SCFAs), (c) benza-
mides, and (d) cyclic peptides.87 The group of 
SCFAs is further categorized into four classes 
according to their distinguished structures: linear 
compounds, cyclic tetrapeptides, cyclic depsipep-
tides, and miscellaneous HDACIs.87,88

The first discovered HDACI was trichrostatin A 
(TSA), identified from nature sources.89 Since 
then, numerous natural HDACI products have 
been obtained from microbes, dietary plants, and 
medicinal plants.90 HDACIs have emerged as a 
new class of anticancer drugs; a series of HDACIs 

have been synthesized and the number of 
HDACIs is constantly being updated.

HDACIs target histone and nonhistone proteins. 
Many acetylated nonhistone proteins are deacety-
lated by HDACs84 and can be modulated by 
HDACIs.91 These nonhistone proteins include 
structure proteins (such as α-tubulin), chaperone 
proteins (such as Hsp90), DNA binding nuclear 
receptors (such as androgen receptor), transcrip-
tional factors (such as p53), signaling mediators, 
and enzymes.92 Therefore, HDACIs not only 
modulate the histone but also nonhistone protein 
acetylation statuses and affect their functions. For 
example, Quisinostat, a novel second-generation 
HDACI, increases p53 acetylation at K382/K373 
sites, upregulates p21, and results in G1 phase 
arrest.93 Panobinostat is a pan-HDACI that is 
approved for cancer treatment; its cytotoxicity is 
linked to α-tubulin acetylation.94

Panobinostat is one of the four US FDA-approved 
HDACIs for clinical use, all of which are antican-
cer drugs. Panobinostat (Farydac®, Novartis) is a 
hydroxamic acid, a Class I and II HDACI, and 
was approved for treating multiple myeloma in 
2015.95 Belinostat (Beleodaq™, Spectrum) is a 
pan-HDACI that was approved for treating 
patients with relapsed or refractory peripheral 
T-cell lymphoma (PTCL) in 2014.96 Romidepsin 
(Istodax®, Celgene) obtained FDA approval for 
treating cutaneous T-cell lymphoma in 200997 
and then in 2011 was granted approval for treat-
ing PTCL.98 Vorinostat (Zolinza®, Merck, also 
known as SAHA, suberoylanilide hydroxamic 
acid) was the first approved pan-HDACI for the 
treatment of T-cell lymphoma in 2006.99

In addition to these HDACIs approved for 
clinical use, there are many clinical trials of 
HDACIs in other diseases34–67 (Table 1). 
SAHA was used in a phase II clinical trial to 
treat human immunodeficiency virus (HIV)–
infected individuals42 and in phase I/II clinical 
trials of sickle cell disease36 with promising 
results. Givinostat (ITF2357), the hydroxamic 
acid HDACI, exhibited impressive therapeutic 
benefit and an excellent safety profile in a 
study in systemic-onset juvenile idiopathic 
arthritis.100 Although there is no approved 
clinical trial on HDACI in fibrotic  
diseases, many HDACIs are under extensive 
investigation in preclinical fibrotic models, 
including cardiac and pulmonary fibrosis101–103 
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Table 2. HDACIs used in cardiac and pulmonary fibrosis.

Disease Cell or animal model HDACI Mechanism Reference

Cardiac 
fibrosis

Spontaneously HP rats Valproic acid Mineralocorticoid receptor 
acetylation

Kang et al.104

 Pressure overload induced by 
abdominal aortic constriction

Valproic acid Inhibit sympathetic outflow Liu et al.105

 Ang II–induced cardiac fibrosis 
rats, myocardial pericytes

Valproic acid HDAC 4–dependent 
phosphorylation of ERK

Zhang et al.106

 Left anterior descending coronary 
artery ligation MI mice

Valproic acid, 
tributyrin

Regulate histone H4 
acetylation and atrial 
natriuretic peptide mRNA 
expression

Lee et al.107

 Left anterior descending coronary 
artery ligation MI mice

Trichostatin A Through c-kit signaling Zhang et al.108

 Isoproterenol induced HF rats MPT0E014 Decrease TGF-β and Ang II 
type I receptor

Kao et al.109

 Left anterior descending coronary 
artery occlusion–induced MI

Mocetinostat Reduce Akt/GSK3b 
signaling; increase 
apoptosis

Nural-Guvener 
et al.110

 Coronary artery occlusion–induced 
MI rats, cardiac fibroblasts

Mocetinostat Attenuate interleukin-6/
Stat3 signaling

Nural-Guvener 
et al.111

 Ang II and aortic banding–induced 
cardiac hypertrophy mice

Trichostatin A Valproic 
acid SK-7041

Inhibit Class I HDAC Kee et al.112

 Ang II–induced cardiac fibrosis MGCD0103 Control differentiation 
of bone marrow-derived 
fibrocytes

Williams 
et al.113

 Isoproterenol-induced cardiac 
fibrosis rats

Tubacin Elevate RASSF1A expression Tao et al.114

 Streptozotocin-induced diabetes 
mice

Sodium butyrate Activate glucose 
transporters 1 acetylation 
and p38 phosphorylation

Chen et al.115

 Type 1 diabetes OVE26 mice RGFP966 Inhibit DUSP5/ERK1/2 
pathway

Xu et al.116

 Deoxycorticosterone acetate–salt 
HP rats

SAHA Decrease inflammatory 
cytokines

Iyer et al.117

 Aortic constriction cardiac–
induced HP mice

Trichostatin A Suppress NF-κB target 
genes

Ooi et al.118

 Left descending coronary artery 
ligation–induced MI

Valproic acid Through Foxm1 pathway Tian et al.119

 Left descending coronary artery 
ligation–induced MI

Givinostat Decrease EMT and 
inflammation

Milan et al.120

 Primary cardiac fibroblasts Trichostatin A 
MGCD0103 Apicidin

Block cell cycle progression Schuetze 
et al.121

 (Continued)
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Disease Cell or animal model HDACI Mechanism Reference

Atrial fibrosis HOPX mice Trichostatin A Normalize connexin40 
remodelling

Liu et al.32

 HOPX mice, dogs with sustained 
atrial fibrillation

CI-994 Seki et al.122

 Deoxycorticosterone acetate–
induced HP rats

CG200745 Decrease collagen 1, 
collagen 3 connective 
tissue growth factor and 
fibronectin

Lee et al.123

Pulmonary 
fibrosis

Primary human lung fibroblasts SAHA Inhibit myofibroblast 
differentiation

Wang et al.124

 Bleomycin-induced pulmonary 
fibrosis mice, IPF fibroblasts

SAHA Down-regulate collagen 
3A1expression
Increased lung fibroblast 
apoptosis

Zhang et al.16;

Sanders et al.17

 Lung fibroblasts SAHA Up-regulate 
cyclooxygenase-2 and 
prostaglandin E2 expression

Pasini et al.125

 TGF-β1–induced EMT A549 cell Valproic acid Inhibit EMT, increase 
H3K27ac

Noguchi 
et al.126

 Paraquat-induced pulmonary 
fibrosis, macrophages

Valproic acid Enhance EMT, activate 
H3K4me3 and H3K9ac

Hu et al.127

 TGF-β1 induced EMT A549 cell 
line, bleomycin induced pulmonary 
fibrosis

Trichostatin A Restore surfactant 
protein-C expression via 
hyperacetylation of histone H4

Ota et al.128

 Bleomycin-induced pulmonary 
fibrosis

Trichostatin A Inhibit HDAC2 expression Ye et al.129

 IPF and normal fibroblasts Spiruchostatin A Increase H3 acetylation and 
p21expression

Davies et al.130

 Bleomycin-induced pulmonary 
fibrosis, lung fibroblasts

Tubastatin Repress TGF-β–PI3K-Akt 
pathway

Saito et al.78

 IPF lung tissue, normal human 
lung fibroblasts, bleomycin-
induced pulmonary fibrosis

NCC170 Ameliorate TGF-β1–induced 
loss of H3K27ac at the 
PPAR-γ gene enhancer

Saito et al.131

 IPF lung tissue, primary IPF 
fibroblasts

LBH589 Valproic acid Decrease ECM synthesis 
associated gene expression

Korfei et al.103

 IPF lung fibroblasts, bleomycin-
induced fibrosis mice

Trichostatin A Restore Fas-mediated 
apoptosis

Huang et al.132

Ang II, angiotensin II; DUSP5, dual specific phosphatase 5; EMT, epithelial-to-mesenchymal; HDAC, histone deacetylases; HDACI, histone deacety-
lation inhibitor; HF, heart failure; HOPX, overexpressing homeodomain-only protein; HP, hypertension; IPF, idiopathic pulmonary fibrosis; MI, myo-
cardial infarction; RASSF1ARas-association domain family protein 1A; SAHA, suberoylanilide hydroxamic acid; TGF-β, transforming growth factor β.

Table 2. (Continued)

(Figure 1B). The preclinical studies of 
HDACIs in cardiac and pulmonary fibrosis are 
summarized in Table 2.

HDACs and HDACIs in cardiac fibrosis
Accumulating evidence has demonstrated that 
HDACs are dysregulated in cardiac fibrosis.133,134 
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Myocardial hypertrophy is both a pathological 
cause and a result of cardiac fibrosis. Initially, 
Class IIa HDACs were thought to act as endoge-
nous inhibitors of cardiac hypertrophy.135 The 
first connection between HDACs and cardiac 
remodeling was the finding that Class IIa HDACs 
interact with myocyte enhancer factor 2 (MEF2), 
a key regulator of myocardial hypertrophy.136 
Subsequent studies found that MEF2 interacts 
with HDAC4, HDAC5, and HDAC9 of Class 
IIa; overexpression of these HDACs decreases 
MEF2 expression and attenuates myocardial 
hypertrophy.135 However, recent studies eluci-
dated that Class IIa HDACs also exert profibrotic 
functions.28,133,137,138 For example, cardiomyo-
cyte-specific HDAC4 overexpression promotes 
cardiac hypertrophy and exacerbates interstitial 
fibrosis in the model of MI in 6-month-old 
mice.133 In another model of cardiac hypertrophy 
and fibrosis with natriuretic peptide receptor-A 
knockout mice, the HDAC7 expression is upreg-
ulated in parallel with an increase in TGF-β1 and 
collagen I.28

In addition to Class IIa involvement in cardiac 
remodeling, genetic studies have suggested that 
Class I and IIb HDACs are also involved.76,134 
Downregulation of HDAC1 and HDAC2 by gal-
lic acid attenuated cardiac fibrosis in rat primary 
cardiac fibroblasts and in hypertensive mice.134 
HDAC3 was upregulated in an experimental 
model of heart failure; suppression of HDAC3 
improved cardiac function and limited ventricular 
fibrosis.139 HDAC6 activity was increased in 
deoxycorticosterone acetate–salt hypertensive 
rats and spontaneous hypertensive rats,76,140 and 
HDAC6 contributed to cardiac dysfunction and 
skeletal muscle wasting.141

With the involvement of HDACs in the tissue 
remodeling process, many studies explored 
whether HDACIs could be used to correct the 
pathological remodeling in cardiac fibrosis. One 
of the major challenges in fibrotic disease is the 
increased myofibroblasts, the major effector cells 
of fibrosis.4 Many preclinical studies have demon-
strated that pan or selective HDACIs could 
reverse myofibroblasts activation, blunt myocar-
dial hypertrophy, and preserve cardiac function in 
different myocardial hypertrophic and heart fail-
ure animal models.104,105,107,110 SAHA was 
reported to improve the sarcoendoplasmic reticu-
lum Ca2+-ATPase activity in cardiac myocytes.142 
Some other pan-HDACIs also demonstrated 

their efficacy in cardiac fibrosis. Valproic acid 
(VPA)-attenuated cardiac hypertrophy and fibro-
sis in spontaneously hypertensive rats by affecting 
the mineralocorticoid receptor acetylation104; it 
also prevented right ventricular hypertrophy in 
the rat.143 In a study of a rat model of pressure 
overload, VPA inhibited sympathetic outflow and 
cardiac remodeling.105 VPA was reported to ame-
liorate Ang II-induced pericyte-myofibroblast 
transdifferentiation and cardiac fibrosis through 
HDAC4-dependent phosphorylation of ERK.106 
VPA and tributyrin attenuated ventricular remod-
eling after infarction, likely through histone H4 
acetylation and atrial natriuretic peptide mRNA 
expression in the cardiomyocytes.107 A recent 
study demonstrated that VPA attenuated atrial 
remodeling and delayed the onset of atrial fibrilla-
tion in transgenic mice.144 Other pan-HDACIs, 
such as MPT0E014, showed antifibrotic activi-
ties by decreasing TGF-β and Ang II type I recep-
tor expressions in isoproterenol-induced dilated 
cardiomyopathy,109 whereas TSA promoted myo-
cardial repair and prevented cardiac remodeling 
via c-kit signaling.108 TSA was reported to reverse 
atrial fibrosis and reduce the incidence of arrhyth-
mia, without affecting the level of Ang II.32 In a 
later study by the same group, the researchers 
used the same mice model, and a dog model of 
sustained atrial fibrosis demonstrated that Class I 
HDAC inhibitor CI-994 reduced atrial fibrilla-
tion and fibrosis.122 These results provide evi-
dence that HDACIs may be a new therapeutic 
option for atrial fibrillation.

In addition to pan-HDACIs, selective HDACIs 
have also demonstrated antifibrotic properties. 
The selective Class I HDACI, Mocetinostat, 
inhibited the upregulated HDAC1 and 2 in an ani-
mal model of congestive heart failure by reversing 
myofibroblast phenotype and increasing apopto-
sis.110 Mocetinostat was also reported to attenuate 
interleukin (IL)-6/Stat3 signaling and decrease 
interstitial fibrosis and scar size in ventricular tis-
sue in a rat model of heart failure.111 In a study of 
cardiac hypertrophy, the Class I HDAC inhibitor 
SK-7041, similar to pan-HDACIs TSA and VPA, 
partially reversed pre-established cardiac hypertro-
phy.112 MGCD0103 is another selective class I 
HDACI that inhibited Ang II-induced cardiac 
fibrosis by controlling the differentiation of bone 
marrow-derived fibrocytes.113 Inhibition of Class I 
HDACs with Apicidin derivative was able to pre-
vent cardiac hypertrophy and failure in preclinical 
studies.145 HDAC6 of the class II HDACs was 
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upregulated in cardiac fibroblast activation and 
fibrosis.76,140 Inhibition of HDAC6 by siRNA or its 
inhibitor, Tubacin, attenuated TGF-β1-induced 
myofibroblast markers, elevated Ras-association 
domain family protein 1A, and reduced cardiac 
fibrosis.114

HDAC inhibition also has protective effects on 
the diabetic heart. Diabetes can induce severe 
cardiovascular complications including diabetic 
cardiomyopathy (DCM), a myocardial disorder 
without coronary artery disease by unclear mech-
anisms.115,116 Pan-HDACI sodium butyrate 
reduced interstitial collagen deposition and atten-
uated cardiac hypertrophy by mitigating apopto-
sis, increasing antioxidant SOD1, stimulating 
angiogenesis, and activating glucose transporters 
1 acetylation and p38 phosphorylation in a strep-
tozotocin-induced diabetic model.115 Selective 
inhibitor RGFP966 of HDAC3 prevented fibro-
sis and the development of DCM by blocking the 
elevated phosphorylated ERK1/2, and upregulat-
ing dual specific phosphatase 5 (DUSP5) through 
increased acetylated histone H3 at DUSP5 pro-
moter region in diabetic hearts.116

In addition to the above-mentioned antifibrotic 
aspects of HDACIs, these inhibitors are reported 
to reduce inflammatory processes associated with 
fibrotic diseases. During fibrogenesis, including 
myocardial fibrogenesis, proinflammatory 
cytokines play an important role in fibroblast acti-
vation.146 HDACs are regulators of inflammation 
and immunity.147 Targeting proinflammatory 
cytokines exerts antifibrotic effects and improves 
cardiac function.117,119,120 SAHA was reported to 
decrease inflammatory cytokines, including IL-1α 
and vascular endothelial growth factor in deoxy-
corticosterone acetate–salt hypertensive rats.117 
VPA and Givinostat exhibited similar effects as 
SAHA in spontaneously hypertensive rats and an 
acute MI mouse model, inhibited proinflamma-
tory cytokines production.119,120 These results 
demonstrate that HDACs are involved in inflam-
matory-mediated cardiac fibrosis.

Many studies with HDACIs demonstrated that 
these compounds exert overlapping and divergent 
effects. HDACIs are classified into different 
groups based on their chemical structure.148 For 
example, TSA is a hydroxamic acid, MGCD0103 
belongs to the aminobenzamides, while Apicidin 
is a cyclic peptide,148 but they all present a com-
mon mechanism to inhibit the proliferation of 

cardiac fibroblasts and increase the expression of 
anti-proliferative genes to block cardiac fibro-
sis.121 Yet these different HDACIs display differ-
ent efficacy and effects, which should be carefully 
assessed for specifically targeted processes. A 
study in cardiac fibroblasts demonstrated that 
MGCD0103 but not TSA or Apicidin paradoxi-
cally increased fibrotic-related PAI-1 expres-
sion.121 MGCD0103 and Apicidin are highly 
selective inhibitors of Class I HDACs, while TSA 
is mainly a Class I and IIb HDAC inhibitor. The 
divergent effects of these HDACIs are likely due 
to the different complexes that are specifically 
engaged with HDAC1 or HDAC2 by these 
inhibitors.121

Many of these HDACIs are synthetic, but there 
are natural HDACIs, including caffeic acid and 
polyphenols, which have been shown to attenuate 
cardiac hypertrophy and myocardial fibrosis.149,150 
It is worth mentioning that some natural com-
pounds contain Resveratrol, the Class III HDAC 
sirtuins activator, could ameliorate cardiac fibro-
sis by activating sirtuin 3 and affecting the TGF-
β/SMAD3 signaling pathway.151

HDACIs have been reported to be beneficial for 
cardiac fibrosis in preclinical studies. Given the 
multiplicity of the distinct HDACs, it is critical to 
identify the specific functions of each HDAC to 
develop more selective and targeted inhibitors. 
Extensive studies are needed to understand the 
HDAC-mediated profibrotic processes in cardiac 
fibrosis, as HDACs may not only associate with 
the acetylation process in the cells. For example, 
HDAC2 can be phosphorylated, and the phos-
phorylation of S394 on HDAC2 would induce 
the binding of Hsp70 and result in cardiac hyper-
trophy in mice.152 Epigenetic-based therapies are 
still limited in the cardiovascular field; more stud-
ies are needed to explore the usage of HDACIs in 
cardiac fibrosis, including its safety and long-term 
effects.

HDACs and HDACIs in pulmonary fibrosis
Pulmonary fibrosis is another devastating disease, 
with IPF as the most common form. Although 
there are newly approved drugs mainly to relieve 
symptoms,73 there is no effective treatment. In the 
past decade, the involvement of HDACs in the 
pathogenesis of pulmonary fibrosis has been docu-
mented. The activities of all Class I and II HDACs 
were reported to be significantly upregulated in 
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IPF lung tissues.103 Immunohistochemistry dem-
onstrated that nearly all of these HDACs had a 
strong induction in myofibroblasts at fibroblast 
foci and in abnormal bronchiolar basal cells at sites 
of aberrant re-epithelialization in IPF but not in 
the control lungs.103 Among these HDACs, 
HDAC4 demonstrates its importance in lung 
fibrosis. HDAC4 can modulate the production of 
ECM in lung myofibroblasts; knocking down 
HDAC4 attenuates α-SMA expression stimulated 
by TGF-β1 in normal human lung fibroblasts.153 
HDAC4 is also involved in the early stress 
response, while HDAC2 is increased in the middle 
and late stages of bleomycin-induced lung fibrosis 
in mice.102 A study with IPF fibroblasts showed 
that aberrant protein phosphatase 2A/HDAC4 
axis suppresses miR-29, causing a pathological 
increase in type I collagen expression.154 In addi-
tion to HDAC4, HDAC6 and HDAC8 expres-
sions are reported to be altered in IPF.78,155

To target the dysregulated HDACs in pulmonary 
fibrosis, many studies used HDACIs to examine 
their effects in blocking the fibrotic process. 
Although studies involving HDACIs in pulmo-
nary fibrosis are relatively limited compared with 
those in cardiac fibrosis, growing evidence high-
lights the antifibrotic effects of HDACIs in IPF. 
The most studied HDACI in IPF is SAHA, a non-
selective HDAC Class I and II inhibitor. It has 
been reported that SAHA can inhibit the differen-
tiation of TGF-β1-induced myofibroblasts124. It 
induces myofibroblasts apoptosis17 and downreg-
ulates type III collagen expression on the tran-
scriptional and translational levels.16 SAHA also 
upregulates antifibrotic cyclooxygenase-2 (COX-
2) protein expression and prostaglandin E2 
(PGE2) production by posttranscriptional mecha-
nisms.125 Both SAHA and LBH589 (Panobinostat) 
have been reported to restore COX-2 expression 
in IPF.125,156

In addition to SAHA, other HDACIs have also 
demonstrated beneficial effects in lung fibrosis 
studies. VPA partially inhibited TGF-β1-
induced epithelial-to-mesenchymal transition 
(EMT) process, in which VPA blocked the 
decreased histone acetylation (especially H3K27 
acetylation) by TGF-β1 in human alveolar epi-
thelial cells.126 However, in a study in paraquat-
induced lung fibrosis with macrophages, VPA 
aggravated the acute inflammation and wors-
ened fibrosis partially through enhanced histone 

acetylation at the IL-6 promoter regions.127 On 
the other hand, TSA attenuated bleomycin-
induced lung fibrosis in mice; it restored 
decreased SFTPC, a gene encoding surfactant 
protein-C, via increased histone H4 acetylation 
at its promoter region in alveolar epithelial type 
II cells.128 TSA upregulated the antifibrotic 
gene Thy-1 in rat lung fibroblasts29; and through 
inhibition of HDAC2 expression, it reduced 
lung fibrosis in rats.129

Studies on selective HDACIs also presented 
beneficial effects in pulmonary fibrosis. 
Spiruchostatin A (SpA), a selective HDACI, 
inhibited TGF-β1-induced α-SMA, collagen I, 
and collagen III expression.130 Tubastatin, an 
HDAC-6 inhibitor, repressed TGF-β1-induced 
collagen expression by diminishing Akt phos-
phorylation.78 However, this study demonstrated 
that in bleomycin-induced lung fibrosis in mice, 
Tubastatin-treated mice could be protected 
from lung fibrosis but not HDAC6 knockout 
mice. This indicates that Tubastatin may ame-
liorate lung fibrosis via an HDAC6-independent 
mechanism.78 Inhibition of HDAC8 with its 
selective inhibitor NCC170 repressed TGF-β1-
induced fibroblast–myofibroblast differentiation 
partially by increasing H3K27 acetylation at 
PPAR-γ enhancer regions to upregulate PPAR-γ 
mRNA, an antifibrotic molecule.131 This inhibi-
tor also ameliorated bleomycin-induced lung 
fibrosis in mice.131

In addition to blocking the well-documented 
increased α-SMA and collagen expression in myofi-
broblasts, HDACIs have been reported to induce 
apoptosis by altering the apoptosis-related gene 
expression and subsequently alleviating fibro-
sis,17,103,132 as increased apoptosis resistance is a 
major characteristic of IPF myofibroblasts.157 
SAHA induces apoptosis in IPF primary fibroblasts, 
at least in part, by regulating apoptosis-related genes 
through epigenetic mechanisms.17 Other HDACIs, 
LBH589 or VPA, considerably reduced the genes 
associated with the profibrotic and apoptosis-resist-
ant phenotype in IPF fibroblasts.103 Fibrotic fibro-
blasts with decreased Fas expression and increased 
resistance to Fas-mediated apoptosis are associated 
with increased HDAC 2 and 4; and TSA or  
SAHA can increase Fas expression in these cells 
and restore susceptibility to Fas-induced apopto-
sis.132 Pirfenidone is the first anti-fibrotic agent for 
IPF to slow its progression, a recent study compared 
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the antifibrotic efficacy of Panobinostat and 
Pirfenidone in IPF fibroblasts, and concluded that 
both have antifibrotic effects, but Panobinostat also 
induced cell cycle arrest and apoptosis and thus was 
more efficient in inactivating IPF fibroblasts.158

HDACIs are powerful epigenetic regulators, and 
epigenetic mechanisms are involved in pulmo-
nary fibrosis.75 Many epigenetic factors that are 
affected by environmental changes,159 including 
metabolic alterations160 and aging,161 contribute 
to pulmonary fibrosis. Histone modifications, 
especially histone acetylation, are only part of this 
complexed process. Inhibition of HDAC at in 
vitro and in vivo models of pulmonary fibrosis has 
shown promising results, but progress in deter-
mining the biological mechanisms and therapeu-
tic options remains obscure. More in-depth 
studies in this area will empower us to develop 
better-targeted therapeutic methods to treat this 
fatal disease.

Limitations and side effects of HDACIs
HDACIs represent a new class of epigenetic 
drugs that have demonstrated promising results 
in preclinical studies. Histone and nonhistone 
proteins are the targets of HDACs, many of 
which are critical regulators of vital pathways.25 
Even the same HDAC may have different roles 
at different stages of the same disease. For exam-
ple, HDAC1 was reported to be oncosuppres-
sive in the early stage while oncogenic in 
established tumor cells in a mouse tumor 
model.162 The inhibitors, even selective inhibi-
tors of HDAC, could have many off-target 
effects. Undesired toxicity of certain HDACIs 
could lead to dysfunction of other important 
biological processes. For instance, selective 
Class I HDACIs showed potent anti-tumor 
effects, but inhibition of Class I HDACs, specifi-
cally HDAC3, caused impaired DNA damage 
response.163 Other major concerns include the 
cardiac toxicity by some HDACIs,164 and the 
cellular resistance to certain HDACIs.165 A study 
in phase I and II clinical trials of romidepsin in 
patients with cutaneous T-cell lymphoma, de 
novo resistance of the drug was found.165 The 
lack of response-predictive markers for cardiac 
and pulmonary fibrosis also delayed advances in 
establishing the valuable index for therapeutic 
efficacy. To overcome these limitations and side 
effects, a better designed, more selective, and 

better targeted HDACI would increase the 
potency against fibrotic diseases. For pulmonary 
fibrosis, localized administration of the drug 
(such as nasal delivery) would minimize the 
undesired whole-body side effects.

Conclusion
Studies in the past have shown that HDACs are 
critical in the pathogenesis of fibrosis by modulat-
ing acetylation of histone and nonhistone sub-
strates. HDACs are found to be dysregulated in 
fibrotic diseases. Inhibition of HDACs in fibrotic 
models mitigates fibrotic status. HDACIs, espe-
cially selective inhibitors, would offer better 
understanding of how HDACs participate in the 
process of fibrogenesis. Inhibitors of HDACs 
would offer a novel category of therapeutic 
options in fibrosis. Extensive studies are needed 
to clarify the specific roles of each HDAC in the 
fibrotic process, which would form a mechanistic 
foundation for clinical usage. Many of the current 
HDACIs in clinical trials are broad-spectrum 
nonselective inhibitors and have more toxicity 
and unwanted side effects than selective HDACIs. 
Right now, most HDACIs either approved by the 
FDA or in clinical trials are mainly for cancer 
treatments. HDACIs for cardiac or pulmonary 
fibrosis are still mostly in preclinical stages. Better 
targeted, more specific HDACIs are needed to 
enhance the therapeutic efficacy and reduce tox-
icity. Furthermore, it is crucial to develop bio-
markers for HDACI alone or in combination with 
other reagents to predict the response of individ-
ual patient to treatment. Elucidation and valida-
tion of the mechanisms of HDAC involved in the 
pathogenesis of fibrosis would provide a powerful 
tool in the treatment of fibrotic-related diseases, 
especially cardiac and pulmonary fibrosis.
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