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Abstract 

Although the pathogenesis of cardio-cerebrovascular disease (CCVD) is multifactorial, an increasing number of experimental and clini-
cal studies have highlighted the importance of histone deacetylase (HDAC)-mediated epigenetic processes in the development of 
cardio-cerebrovascular injury. HDACs are a family of enzymes to balance the acetylation activities of histone acetyltransferases on chroma-
tin remodeling and play essential roles in regulating gene transcription. To date, 18 mammalian HDACs are identified and grouped into four 
classes based on similarity to yeast orthologs. The zinc-dependent HDAC family currently consists of 11 members divided into three classes 
(class I, II, and IV) on the basis of structure, sequence homology, and domain organization. In comparison, class III HDACs (also known as 
the sirtuins) are composed of a family of NAD+-dependent protein-modifying enzymes related to the Sir2 gene. HDAC inhibitors are a group 
of compounds that block HDAC activities typically by binding to the zinc-containing catalytic domain of HDACs and have displayed an-
ti-inflammatory and antifibrotic effects in the cardio-cerebrovascular system. In this review, we summarize the current knowledge about 
classifications, functions of HDACs and their roles and regulatory mechanisms in the cardio-cerebrovascular system. Pharmacological tar-
geting of HDAC-mediated epigenetic processes may open new therapeutic avenues for the treatment of CCVD. 
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1  Introduction  

Cardio-cerebrovascular disease (CCVD) is a major lead-
ing cause of death in the world despite for great efforts be-
ing made to reduce the mortality.[1] Although the patho-
genesis of CCVD is multifactorial, an increasing number of 
experimental and clinical studies have implicated that epi-
genetic modifications, such as DNA methylation, histone 
modification and microRNA, play vital roles in the devel-
opment of cell injury in both cardiovascular and central 
nervous systems. Among them, the importance of histone 
deacetylase (HDAC)-mediated epigenetic processes in the 
development of cardio-cerebrovascular injury have been 
highlighted.[2] Recent studies have also demonstrated that 
HDAC inhibitors have anti-inflammatory and antifibrotic 
effects in the cardio-cerebrovascular system.[3,4] In this re-
view, we highlight the importance of HDACs on the regula-
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tion of the cardio-cerebrovascular function. A better under-
standing of the function of individual HDACs will provide 
unexpected opportunities to develop new therapies for 
CCVD by epigenetic modifications. 

2  HDACs: classification and function 

HDACs are a family of enzymes, which balance the ace-
tylation activities of histone acetyltransferases (HAT) on the 
post-translational modifications of histone and a wide range 
of other non-histone substrates.[5,6] To date, 18 mammalian 
HDACs are identified and grouped into four classes based 
on similarity to yeast orthologs. The Zn2+-dependent HDAC 
family currently consists of 11 members, which are divided 
into three classes (class I, II, and IV) on the basis of struc-
ture, sequence homology, and domain organization (Figure 
1). Class I HDACs (HDAC 1, 2, 3 and 8) share sequence 
homology with the yeast protein reduced potassium de-
pendency-3 (Rpd3), which are ubiquitously expressed and 
almost exclusively in the nucleus with the main gene tran-
scriptional repression functions.[7] Class II (HDAC 4, 5, 6, 7, 
9, and 10) are known to ‘shuttle’ between the cytoplasm and 
nucleus depending on the phosphorylation regulation. Class II  
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Figure 1.  The classification, molecular structure and main inhibitors of Zn2+-dependent HDACs. HDAC: histone deacetylase; MEF: 
myocyte enhancer factor; 4-PB: sodium-4-phenylbutyrate; SAHA: suberoylanilide hydroxamic acid; SB: sodium butyrate; TSA: trichostatin; 
VPA: valproic acid. 

HDACs are further divided into two subgroups, class IIa 
(HDAC 4, 5, 7, 9) and IIb (HDAC 6, 10) according to the 
number of catalytic domains. Class IIa HDACs share com-
mon molecular structures with other HDAC members with 
only one enzymatic domain, while class IIb are somehow 
atypical, such as containing two HDAC domains within a 
single molecule, but the second C-terminal domain has no 
catalytic function in HDCA10.[8]  HDAC11 is the sole 
member of class IV localized in the nucleus, which has a 
catalytic domain in the N-terminal region. HDAC11 has 
been demonstrated to regulate the balance between immune 
activation and immune tolerance.[9] In comparison, class III 
HDACs (also known as the sirtuins, silent information reg-
ulator, SIRT 1–7) comprise a family of NAD+-dependent 
protein-modifying enzymes related to the yeast Sir2 gene.[10]. 
Sirtuins are localized mainly in nucleus (SIRT 1, 6, 7) cyto-
plasm (SIRT2) or mitochondria (SIRT 3, 4, 5)[11] and also 
with nucleocytoplasmic traffic under certain conditions 
(SIRT 1, 2).[12,13]  Sirtuins possess the activities in lysine 
deacetylation, adenosinediphospho (ADP)-ribosylation, and/ 
or deacylation.[10]  

3  HDAC inhibitors: classification and  
selectivity 

HDAC inhibitors are a group of compounds that block 
the activities of HDACs typically by binding to the 
zinc-containing catalytic domain of HDACs, which are 
originally a new class of anticancer drugs by therapeutically 

inducing cell cycle arrest, differentiation, apoptosis, as well 
as reducing proliferation, angiogenesis, migration, and cell 
resistance to chemotherapy.[14] Recent studies have also 
highlighted the important therapeutic potentials of HDAC 
inhibitors in non-cancer-related diseases, including neuro-
logical diseases, immune disorders, renal fibrosis and car-
diovascular disease.[15] According to their chemical structure, 
HDAC inhibitors are classified into four classes, including 
hydroxamic acids, short chain fatty acids, cyclic peptides, 
and benzamides. Hydroxamic acids combine with the zinc 
ion at the catalytic site of HDACs, therefore these com-
pounds exert nonspecific HDAC-inhibition activity affect-
ing all classes of HDACs. Trichostatin (TSA) was the first 
one of the hydroxamic acids to be characterized as a potent 
HDAC inhibitor,[16] which was used as the core chemical 
structure for the design and synthesis of some new com-
pounds of this class. Among them, suberoylanilide hy-
droxamic acid (SAHA, also known as vorinostat) is the first 
HDAC inhibitor approved by the U.S. Food and Drug Ad-
ministration (USFDA) for the treatment of human cutane-
ous T-cell lymphoma (CTCL) in 2006.[17,18] Short chain 
fatty acids, such as sodium butyrate (SB), sodium-4- 
phenylbutyrate (4-PB) and valproic acid (VPA), selectively 
inhibit class I and IIa HDACs and have less potent inhibi-
tory effects compared with hydroxamic acids, but they can 
easily cross the blood-brain-barrier due to their smaller mo-
lecular weight. The best representative of this class is VPA, 
originally used as an antiepileptic drug, which has been 
tested for the treatment of other diseases, such as Parkin-
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son’s, Alzheimer’s, Huntington’s diseases and stroke.[6] 
Cyclic peptides are one group of Zn2+-dependent HDAC 
inhibitors with relative high selectivity. The most important 
member of this class is romidepsin (depsipeptide, FK-228) 
approved by the USFDA for marketing in the treatment of 
cancer in 2009 due to its potency to arrest cell growth.[19] 
Benzamides are considered as a kind of HDAC iso-
form-selective inhibitors with a long half-life which are 
currently in clinical trials for cancer treatment.  

Although HDAC inhibitors have been used in experi-
mental or clinical trials for the treatments of diverse diseases, 
the currently available HDAC inhibitors are mostly 
non-selective and inhibit multiple HDAC proteins 
(broad-spectrum HDAC inhibitors, or pan-HDAC inhibi-
tors). Moreover, the effects of HDAC inhibitors are often 
evaluated by examining the alterations on bulk histone ace-
tylation or the therapeutic results in a given experimental 
model and some clinical trials. Therefore, the use of 
broad–spectrum HDAC inhibitors could be problematic. 
With the increased knowledge of individual HDAC func-
tions and key advances in the structural biology of various 
HDACs, reliable molecular homology models as well as 
suitable biological assays have provided new tools for the 
discovery of HDAC isoform-selective derivatives. For ex-
ample: MS-275, an HDAC inhibitor belonging to the 
2-aminophenyl benzamides class, has a higher affinity for 
HDAC 1, 2 and 3.[20] A cyclic peptide named Apicidin has 
more potent inhibition of HDAC 2 and 3 while no effects on 
HDAC1 and class II HDACs;[21]  but FK-228, another cy-
clic peptide exhibits more potency on HDAC1, and 2.[22] 
Based on the analysis of HDAC8 crystal structure, selective 
HDAC inhibitors such as PCI-34051 targeting this isoform 
have recently been developed.[23−25] HDAC6 with a unique 
physiological function and structure has become a hot issue 
recently because of its involvement in tumorigenesis devel-
opment and metastasis through α-tubulin, heat shock protein 
(HSP) 90 and ubiquitin-protein. Therefore, recently selec-
tive inhibitors of HDAC6, such as Tubacin, have been de-
veloped.[26] The general information of HDACs and the 
commonly used HDAC inhibitors are summarized in Table 
1 and Figure 1. In this review, we mainly discuss the patho-
genesis role of HDACs and their signaling pathways in 
CCVD. 

4  HDACs and heart failure 

Heart failure (HF) is a common, costly, and potentially 
fatal health problem worldwide, which results from struc-
tural or functional cardiovascular disorders that cause in-
adequate systemic perfusion. At the cellular levels, heart 

failure is associated with both myocyte hypertrophy, apop-
tosis or even death and myocardial or interstitial fibrosis. 
Experimental studies have indicated HDACs are involved in 
the pathogenesis of heart failure. 

Cardiac hypertrophy is a form of remodeling in response 
to the request for higher workload from peripheral tissue, 
which is considered as a physiological compensatory 
mechanism in the initial process. However, prolonged car-
diac hypertrophy caused by persistent stimuli leads to 
pathological changes,[27] characterized by diastolic dysfunc-
tion and massive interstitial fibrosis, and may result in irre-
versible heart failure.[28] Studies have indicated that HDAC 
inhibitors protect against cardiac hypertrophy in animal 
models,[29−31] and an increasing number of studies have also 
identified the different roles of individual HDACs in medi-
ating cardiac hypertrophy. Class I HDACs have demon-
strated to act as pro-hypertrophic activators in the heart. 

Recent studies indicate that HDAC1 contributes to cardiac 
differentiation and early embryonic development, which is 
involved in hypertrophy under pathological conditions.[32,33] 
Numerous studies have focused on the role of HDAC2 in 
cardiac hypertrophy. HDAC2 deficiency prevents the 
re-expression of fetal genes and attenuates cardiac hyper-
trophy in hearts exposed to hypertrophic stimuli. Consis-
tently, HDAC2 transgenic mice have augmented hypertro-
phy.[34] Mechanically, Eom, et al.[35] demonstrate that casein 
kinase-2α1 (CK-2α1) induces hypertrophic response by 
phosphorylation of HDAC2 S394, which is essential for its 
enzymatic activation in the heart. Another study emphasizes 
HSP70/HDAC2 as a novel mechanism regulating hypertro-
phy.[36] Although global deletion of HDAC8 in mice leads 
to perinatal lethality due to skull instability,[37] a recent study 
demonstrates that HDAC inhibition suppresses cardiac hy-
pertrophy and fibrosis in DOCA-salt hypertensive rats via 
regulation of HDAC6/HDAC8 enzyme activity.[38] However, 
some studies report different results, among class I HDACs, 
HDAC3 induces cardiac myocyte proliferation rather than 
hypertrophy,[39] and cardiac specific deletion of HDAC3 
results in severe cardiac hypertrophy,[40] indicating that 
HDAC3 is a negative regulator of hypertrophy. 

Unlike most of class I HDACs, animal studies have in-
dicated that class II HDACs, in particular class IIa, nega-
tively regulate heart hypertrophy.[41] Either HDAC4 or 
HDAC5 knockout mice develop cardiac hypertrophy. In 
addition, HDAC5/9 double deletion results in even greater 
degree of cardiac hypertrophy than lacking one of them.[42,43] 
Mechanically, class IIa (HDAC 4, 5, 7, 9) exhibit inhibitory 
effects on the transcriptional activity of myocyte enhancer 
factor-2 (MEF2), a key regulator of cardiac hypertrophy, by 
binding to a conserved DNA domain,[44] resulting   
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Table 1.  The HDAC family: classification, localization, substrates and functions. 

Class Member Localization Substrate Function 

HDAC1 Nucleus 
Histones, MEF2, E2F1, p130, c-JUN, MKP1, p53, 
AMPK, p21,YY1, NF-κB, NOS, c-MYC, SMAD, pRb, 
SP1/SP3, TSHZ3, Myo-D, GATA, PCNA 

Cell cycle progression, proliferation, differentia-
tion, development, cancer. 

HDAC2 
 

Nucleus 
 

Histones, NF-κB, SRF,  GATA, p53, PKC-δ, pRb, 
Ku70, CIITA, HSP70 

Cell proliferation, development, synaptic plastic-
ity, cardiac hypertrophy 

HDAC3 Nucleus/cytoplasm 
Histones, MKP1, E2F1, NOS, MR, NKX2.5, p300, 
MCP, PCAF, NF-κB, pRb, YY1, HSP70, PPAR-γ 

Cell proliferation, cell cycle control, development

I 

HDAC8 Nucleus Histones, HSP70, SMC3, cohesion Smooth muscle differentiation and contractility, 

HDAC4 Nucleus/cytoplasm 
(Partners) 
Histones, MEF2, MyoD, p21, NFAT, Runx2, SRF, MRJ, 
p53, STAT1, FOXO, CAMTA2,HP1,14-3-3, 

Cellular hypertrophy suppression, bone develop-
ment, neuron survival and development,  

HDAC5 Nucleus/cytoplasm 
(Partners) 
Histones, MEF2, MyoD, YY1, SRF, NKX2.5, CAM-
TA2, Runx2, FGF2, FOXO, HP1, 14-3-3 

Cellular hypertrophy suppression, bone develop-
ment, axonal regeneration 

HDAC7 Nucleus/cytoplasm 
(Partners) 
Histones, MEF2, MyoD, MMP10, HIF2α, Nur77, 
14-3-3, CAMTA2 

Cell survival, vascular development, 
immunomodulation 

Iia 

HDAC9 Nucleus/cytoplasm 
(Partners) 
Histones, MEF2, MyoD, FOXP3, 14-3-3, CAMTA2 

Neuron development, synaptic plasticity, 
Immunomodulation 

HDAC6 Cytoplasm α-tubulin, HSP90, Prx1, Prx2 
Cytoskeletal dynamics, cell motility, aggresome 
formation, autophagy IIb 

HDAC10 Nucleus/cytoplasm pRb Cell cycle 

SIRT1 Mainly nucleus 
Histone, MEF2, NF-κB, FOXO, α-MyHC, MyoD, IRF9, 
PCAF, TAFI68, p300, NOS, p53, PGC1α, BCL, 
HMG-B1, Prx, Egr-1 

Cellular survival, ageing, energy metabolism, 
inflammation 

SIRT2 Mainly cytoplasm Histone, α-tubulin, FOXO, RIP1, HSP70 Microtubule stability 

SIRT3 
Cytoplasm 
(Mitochondria) 

Ku70, ACS2, MDH, GDH, Complex I, ICDH2, SOD2 Energy metabolism 
SIRT4 Cytoplasm GDH Energy metabolism, 
SIRT5 

Cytoplasm 
(Mitochondria) 

HMG-B1, Cyt c, CPS I, Prx Urea cycle, apoptosis 
SIRT6 Nucleus Histone (H3) Telomeric DNA regulation 

III 

SIRT7 Nucleus Histone (H3), p53 Apoptosis 
IV HDAC11 Nucleus/cytoplasm Histones,CDT1, HDAC6 Immunomodulation 

ACS: Acetyl-CoA synthetase; AMPK: AMP-Activated Protein Kinase; Arg2: arginase 2; BCL: B-cell lymphoma; CAMTA: calmodulin binding transcription 
activator; CDT: chromatin licensing and DNA replication factor; CPS I: carbamoyl phosphate synthetase I; CIITA: class II transactivato; Cyt c: cytochrome c; 
E2F: E2 factor; FGF: Fibroblast growth factor; FOXO: Forkhead box class O; FOXP3: forkhead box P3; GATA: GATA binding factor; GDH: glutamate de-
hydrogenase; HDAC: histone deacetylase; HIF: hypoxia-inducible factor; HMG-B: high mobility group box; HP1: Heterochromatin protein 1; HSP: Heat 
shock protein; ICDH: isocitrate dehydrogenase; IRF: interferon regulatory factor; MCP: monocyte chemoattractant protein; MDH: malate dehydrogenase; 
MEF: myocyte enhancer factor; MKP: mitogen-activated protein kinase phosphatase; MMP: Matrix metalloproteinase; MR: mineralocorticoid receptor; MRJ: 
mammalian relative of DnaJ;  MyHC: myosin heavy chain; NAD: nicotinamide adenine dinucleotide; NFAT: nuclear factor of activated T cells; NF-κB: 
nuclear factor-kappa B; NKX2.5: NK2 homeobox 5; NOS: nitric oxide synthase; Nur77: nerve growth factor-induced gene B; pCAF: p300/CbP-associated 
factor; PCNA: proliferating cell nuclear antigen; PGC1α: peroxisome proliferatoractivated receptor-γ coactivator 1α; PKC-δ: Protein kinase C δ; PPAR-γ: 
peroxisome proliferatoractivated receptor-γ; pRb: retinoblastoma protein; Prx: peroxiredoxin; RIP: receptor-interacting protein; Runx: runt-related transcription 
factor; SIRT: silent information regulator; SMC3: Structural maintenance of chromosomes 3; SOD: superoxide dismutase; SP: specificity protein; SRF: serum 
response factor; STAT: signal transducers and activators of transcription factor; TAFI: TATA box-binding protein-associated factor I; TSHZ: teashirt zinc 
finger homeobox; YY1: yin-yang 1. 
 
in repression of downstream target genes. Apart from MEF2, 
other hypertrophic transcription factors, such as nuclear 
factor of activated T cells (NFAT),[45] GATA binding factor 

4 (GATA 4),[46] serum response factor (SRF),[47] and 
calmodulin binding transcription activator 2 (CAMTA2),[48] 
are also mediated by class IIa HDACs. 
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The functional role of class IIb HDACs in the heart was 
unknown until recent studies found that the catalytic activity 
of HDAC6 was consistently increased in stressed myocar-
dium, but not in a model of physiologic hypertrophy, indi-
cating the contribution of HDAC6 to heart failure.[49] Further 
studies have shown that inhibition of HDAC6 protects 
against angiotensin II-induced cardiac and skeletal muscle 
remodeling.[38]  

Sirtuins exhibit protective effects in the heart. SIRT1 
protects against cardiac apoptosis and hypertrophy in re-
sponse to aging and stress,[50] while suppression of endoge-
nous SIRT1 activity with a small molecule inhibitor results 
in exaggerated apoptosis.[51] SIRT3,[52] SIRT6[53] and 
SIRT7[54] also exhibit beneficial effects in cardiac myocytes. 
However, opposite results regarding the role of SIRT1 were 
recently reported. Partially insufficiency of SIRT1 is proved 
to be cardiac protective,[55] while high levels of SIRT1 pro-
mote the development of cardiac hypertrophy and heart 
failure.[56]   

Besides cardiac hypertrophy, cardiac fibrosis is regarded 
as another important feature of heart failure.[57] Recent stud-
ies have shown that HDAC inhibitors attenuate cardiac fi-
brosis, which is associated with the inhibition of cardiac 
fibroblast proliferation and differentiation from immature 
cardiac fibroblasts to collagen-producing myofibroblasts,[58] 
and suppression of the epithelial-to-mesenchymal transition 
(EMT) and endothelial-to-mesenchymal transition (Endo- 
MT)[59,60]. These results indicate the importance of 
HDAC-mediated epigenetic processes in the pathogenesis 
of cardiac fibrosis.[61]  

5  HDACs and atherosclerosis 

Atherosclerosis is the most common underlying cause of 
cardiovascular diseases, such as myocardial infarction, hy-
pertension and stroke, and is a slowly progressing disease in 
which plaques are formed in large and mid-sized arteries. 
The process of atherogenesis consists of several major pa-
thophysiologic events including endothelial dysfunction, 
macrophage-derived chronic inflammation, and vascular 
smooth muscle cell (VSMC)-initiated neointimal remodel-
ing.[62] Findeisen, et al.[63] find that inhibition of HDACs by 
TSA successfully prevents neointima formation after injury 
in cultured VSMC and carotid artery rings through sup-
pressing the transcriptional activity of kruppel like factor 4 
(KLF4), which in turn up-regulates the expression of p21, a 
potent negative regulator of cell cycle,[64] indicating that 
HDAC inhibition protects against atherosclerosis. However, 
some studies also report the pro-atherogenic effects of TSA 
by increasing the proliferation of VSMC or activating the 

Akt signaling pathway.[65] Considering the multiple func-
tions of the HDAC family and contradictory results from 
HDAC inhibitors used in current studies, it is essential to 
identify the role of individual HDACs in the initiation and 
progression of atherosclerosis. Recent studies have indi-
cated a potential protective role of HDAC2 in atherosclero-
sis. HDAC2 inhibits the transcriptional activity of class II 
transactivator (CIITA), a key mediator in immune response 
and the restructuring of extracellular matrix (ECM) in 
smooth muscle cells and macrophages in a deacetyla-
tion-dependent manner.[66] Moreover, a recent study also 
provides direct evidence showing that overexpression or 
activation of HDAC2 represents a novel therapy for endo-
thelial dysfunction and atherosclerosis by deacetylation of 
endothelial arginase 2 (Arg2), a critical target in athero-
genesis which controls endothelial nitric oxide, proliferation, 
fibrosis, and inflammation.[67] Similar to HDCA2, HDAC3 
is proved to play a beneficial role in endothelial survival and 
atherosclerosis development.[68] Up-regulation of HDAC3 
by disturbed flow is essential for endothelial survival under 
oxidative stress via activation of Akt phosphorylation, 
regulation of EMT and Galectin-9 mediated inflammatory 
responses or interaction with unspliced X-box-binding pro-
tein 1 (XBP 1).[69−71] However, Jung, et al.[72] demonstrate 
that HDAC3 can antagonize aspirin stimulated endothelial 
production of NO by deacetylation of aspirin-acetylated 
endothelial nitric oxide synthase (eNOS) on the lysine resi-
due, so as to weaken low-dose aspirin-induced vasoprotec-
tion, which accounts, at least partly, for the phenomenon of 
aspirin resistance in the prevention and treatment of cardio-
vascular disease. In addition, a very recent study has de-
scribed another previously unrecognized role of HDAC3 in 
regulating the atherosclerotic phenotype of macrophages. 
Using conditional knockout mice, it is found that myeloid 
HDAC3 deficiency induces a stable plaque phenotype in 
atherosclerotic lesions via promoting plaque collagen pro-
duction and deposition, inducing macrophages turning to an 
anti-inflammatory and pro-fibrotic phenotype.[73]  

Except for class I HDACs, recent studies have also 
demonstrated that class II HDACs are associated with 
atherosclerosis. By microarray analysis targeted cardiovas-
cular single nucleotide polymorphism (SNP), Matthew, et 
al.[74] have identified that among the 2100 mapping genes of 
50,000 SNPs from multiple ethnic individuals, HDAC4 
(rs3791398) runs to the most robust one associated with 
carotid intima-media thickness, a validated indicators for 
clinical assessment of subclinical atherosclerosis, strongly 
indicating the participation of HDAC4 in atherogenesis. 
Recent studies further find that several stress factors, such 
as fluid shear and angiotensin II, may induce HDAC5 
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phosphorylation and nuclear export in SMCs or endothelial 
cells, and therefore, activate the transcriptional factor MEF2, 
which in turn enhances the expressions of some laminar 
flow atheroprotective genes, such as KLF2 and eNOS.[75,76]. 
Margariti, et al.[77] demonstrate that overexpression of HDAC7 
can suppress endothelial cell proliferation through prevent-
ing β-catenin nuclear translocation and down regulating T 
cell factor-1 (TCF-1)/Id2 and cyclin D1 expression, which 
results in G1 phase elongation, providing a novel insight 
into the HDAC7-mediated signal pathways in endothelial 
growth. Further studies report that HDAC7 promotes 
toll-like receptor 4 (TLR4)-dependent pro-inflammatory 
gene expression in macrophages.[78]  

Recently, a SNP on chromosome 7p21.1 encoding 
HDAC9 has been identified to be associated with large ves-
sel ischemic stroke, thus revealing a likely linkage between 
HDAC9 and other CCVD including atherosclerosis.[79] In 
both cerebral and systemic arteries, HDAC9 mRNA expres-
sions are up-regulated in either carotid plaques, aortic 
plaques or femoral plaques compared with controls, which 
is in consistent with the genetic variant of HDAC9 associ-
ated with ischemic stroke, indicating the promoting role of 
HDAC9 on the pathogenesis of atherosclerosis.[80] Me-
chanically, some studies report that HDAC9 can repress 
cholesterol efflux and alternatively activate macrophages in 
the development of atherosclerosis.[81] These results suggest 
that targeting of HDAC9 might be a promising therapeutic 
approach for the prevention of atherosclerosis. 

Moreover, studies have demonstrated the role of class Ⅲ 
HDACs in atherosclerosis. SIRT1 exhibits protective effects 
in the vascular system by multiple signaling pathways, in-
cluding directly deacetylation of some target proteins asso-
ciated with atherosclerosis, such as eNOS, RelA/p65 and 
Egr-1 which in turn exhibit either endothelial function im-
provement, or anti-inflammatory functions to prevent 
atherogenesis.[82–84] In addition, the anti-atherosclerotic ef-
fects of SIRT1 are also due to some indirect process apart 
from deacetylation. SIRT1 can regulate the activity of liver 
X-receptor (LXR) to promote reverse cholesterol transport, 
or repress coagulation factor expression.[85,86] These studies 
indicate that activation of SIRT1 is a possible therapeutic 
strategy for atherosclerosis. Although SIRT3 activity and 
NAD levels are proved to be vital in livers of obese ani-
mals,[87] SIRT3 deletion does not affect atherosclerosis in 
low-density lipoprotein receptor-deficient (LDLR-/-) mice, 
because gene deficiency of SIRT3 neither alters the vulner-
ability of atherosclerotic plaque, nor promotes the develop-
ment of atherosclerotic lesions.[88] A very recent study indi-
cates that circulating levels of SIRT4 might be a potential 
marker of oxidative metabolism, which is directly associ-

ated with the risk of endothelial dysfunction, early athero-
sclerosis, and coronary artery disease.[89]  SIRT6 is involved 
in the regulation of cholesterol homeostasis and insulin sig-
naling.[90] Taken together, these data strongly indicate spe-
cific HDAC isoforms exhibit different roles in the patho-
genesis of atherosclerosis. Therefore, it is necessary to fur-
ther explore the individual role of HDACs in atherosclero-
sis. 

6  HDACs and stroke 

Stroke is one of the most common pathologies and the 
second leading cause of death in the world. The large ma-
jority (60% to 80%) of strokes are ischemic, which result 
from an occlusion of a major cerebral artery by a thrombus, 
or embolism. In this review, we mainly focus on ischemic 
stroke. Despite numerous preclinical experiments, as well as 
clinical trials for exploring promising treatment strategies, 
currently recombinant tissue plasminogen activator (rtPA) 
remains to be the unique application for ischemic stroke 
with the approval of the USFDA and in many other coun-
tries. However, the narrow therapeutic window and other 
disadvantages limit its clinical effectiveness.[91] Given the 
better understanding of the pathogenesis of ischemic stroke, 
it is increasingly recognized that an effective treatment must 
be multi-targeted to provide substantial therapeutic benefit. 
Excitingly, an increasing number of studies have observed 
that HDAC inhibitors exhibit neuroprotective properties in 
various neurological and neurodegenerative diseases, in-
cluding Huntington’s disease (HD), Alzheimer’s disease 
(AD), Parkinson’s disease (PD) and stroke.[92] The most 
commonly studied HDAC inhibitors in experimental 
ischemic stroke are small molecular compounds with high 
blood brain barrier permeability, such as TSA, SAHA, VPA, 
SB and 4-PB. Either pretreatment or post injury administra-
tion with these compounds has been proved to reduce in-
farct volume in experimental animal stroke models, includ-
ing permanent or transient middle cerebral artery occlusion 
(MCAO) with or without reperfusion.[93] Multiple mecha-
nisms are involved in their neuroprotective effects, includ-
ing inhibition of ischemia-induced H3 hypoacetylation, 
iNOS and cyclooxygenase-2 (COX2)-mediated inflamma-
tion, down-regulation of p53 gene expression and caspase-3 
activation, and increases in HSP 70 and B-cell lymphoma 2 
(Bcl-2) expression.[94–96] However, it should be noted that 
individual HDACs serve distinct functions within the cen-
tral nervous system, ND it is not surprising that sometimes 
the use of currently available global HDAC inhibitors re-
sults in promoting neuronal death, rather than beneficial 
effects under certain circumstances.[93] In this review, we 
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highlight the independent contribution of isoform-specific 
HDACs in the pathogenesis of ischemic stroke.  

Class I HDACs are ubiquitously expressed in both cen-
tral nervous system and peripheral tissues. Accumulating 
evidence shows that both HDAC1 and HDAC2 are involved 
in the process of neuron development and differentia-
tion.[97−99] During the course of oxygen glucose deprivation 
induced neuronal ischemia, HDAC1 is recruited to form 
co-repressor complexes with neuron-restrictive silencer fac-
tor, a transcriptional repressor, which consequently antago-
nizes the cAMP-response element binding protein on co-
caine- and amphetamine-regulated transcript activation, 
leading to augmented cell death, while HDAC2 is excluded 
in this process.[100] However, HDAC2-mediated histone 
deacetylation exerts a negative control on the neuronal dif-
ferentiation of neural stem cells by regulating the interaction 
of neuronal nitric oxide synthase with postsynaptic density 
protein 95 (PSD-95) in neurons under ischemic condi-
tions.[101] Although HDAC3 has been reported to be neu-
ro-protective by transcriptional repression of the gene 
expression of E2 factor-1, a well-characterized neuronal 
apoptosis-inducing factor,[102] with mounting evidence to its 
detrimental role in stroke and other neurodegenerative dis-
orders. Bates, et al.[103] report that HAD-3, the C. elegans 
homologue of HDAC3 can enhance neuronal toxicity in an 
HD animal model. Accordingly, the expression level of 
HDAC3 is also substantial increased at the early phase of 
MCAO induced ischemic stroke in mice.[104] Moreover, a 
very recent study has also provided evidence that 
HDAC3-mediated epigenetic regulation is closely associ-
ated with sodium-induced arterial stiffness, an independent 
predictor of stroke.[105]  

In contrast to class I HDACs, the class IIa HDACs have 
tissue-specific expression properties. HDAC4 and HDAC5 
are two major class IIa members expressed in neurons. 
HDAC4 can promote neuronal survival through suppressing 
cyclin-dependent kinase 1 (CDK1), or by increasing hy-
poxia-inducible factor-1alpha (HIF-1α) stabilization.[106] 
HDAC5 is another critical regulator by improving neuronal 
functions or promoting neuronal regeneration after inju-
ry.[107-109] In our recent studies, we find that HDAC4 and 
HDAC5 expressions are significantly decreased in experi-
mental stoke, which is regulated by NADPH oxidase activ-
ity. We further note evidence showing that HDAC4 and 
HDAC5 can enhance cell viability via inhibition of high- 
mobility group box 1 (HMGB1), a central mediator of tissue 
damage after acute injury.[110] The identification of genetic 
variant in HDAC9 associated with ischemic stroke has 
aroused broad concern throughout the world.[79] In an ex-
perimental stroke model, we have observed that cerebral 

ischemia induces a significant increase of HDAC9 expres-
sion,[110] which contributes to deacetylation of autophagic 
related proteins (unpublished data).  

Among the Zn2+-dependent HDACs, HDAC6 is unusual 
because of its two deacetylase domains. In the central nerv-
ous system, HDAC6 is expressed in most brain cells, but is 
particularly abundant in cerebellar Purkinje cells, with the 
main function in microtubule regulation by mediating 
α-tubulin acetylation.[111] HDAC6 has been shown to facili-
tate the clearance of accumulated Huntington protein by 
autophagic degradation in Huntington’s disease.[112] Further 
studies have supported the beneficial role of HDAC6 be-
cause it may rescue polyQ-induced neurodegeneration by a 
ubiquitin-proteasome system dependent pathway in addition 
to autophagy.[113] Notably, despite the neuroprotective role 
in neurodegenerative diseases, inhibition of HDAC6 may 
increase vesicle transport of brain derived neurotrophic fac-
tor by promoting tubulin acetylation in HD.[114] Similar re-
sults have been obtained in experimental stroke showing 
that specific inhibition of HDAC6 improves the stroke out-
come via boosting regulatory T cells, one of the key en-
dogenous modulators of post-ischemic neuroinflamma-
tion,[115] indicating the involvement of HDAC6 in stroke and 
other neuroinflammatory disorders.  

Although there is accumulating evidence to support the 
beneficial roles of SIRTs in ischemic stroke,[116,117] the indi-
vidual role of specific class III HDAC member requires 
further investigation. It has been reported that pretreatment 
with resveratrol, a SIRT1 activator, protects against cerebral 
ischemia.[118] The mechanism is probably attributed to regu-
lating the acetylation levels of some molecules that are in-
volved in the pathogenesis of stroke, including eNOS,[119] 

interferon regulatory factor 9 (IRF9),[120] p53 and NF-κB.[121]  

Conversely, SIRT2 appears to play a detrimental role in 
stroke. Recent studies have revealed that SIRT2 is required 
for programmed cell death by deacetylation of recep-
tor-interacting protein 1, which in turn modulates RIP1- 
RIP3 complex formation, and thereby promotes tumor ne-
crosis factor-α stimulated necrosis.[122]  

7  Conclusions and perspectives 

In this review, we summarize the current findings of 
HDACs in cardio-cerebrovascular system and outline sev-
eral important molecular mechanisms of HDACs on the 
regulation of myocardial, vascular and neuronal functions. 
In addition, we also provide evidence showing the therapeu-
tic effects of HDAC inhibitors for CCVD. However, a 
number of critical questions remain to be resolved. Cur-
rently, available HDAC inhibitors are pan-inhibitors and 
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inhibit multiple HDAC proteins. Whether therapeutic effi-
cacy can be enhanced by specifically targeting the disease 
relevant HDAC, or a subclass, while reducing or eliminat-
ing the side effects? What are the precise biochemical tar-
gets of HDACs that regulate these processes? Therefore, 
further studies are needed to continue deciphering the role 
of individual HDACs in the cardio-cerebrovascular system 
under different physiological and pathological situations. 
We anticipate that the exciting new developments regarding 
the isoform-specific HDAC inhibitors for optimized therapy 
in the near future. 
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