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Abstract. The aim of the present study was to observe the 
myocardial expression of members of the histone deacetylase 
(HDAC) family (HDAC2, HDAC5 and HDAC9) in rats with 
or without myocardial hypertrophy (MH) in the presence and 
absence of the angiotensin II receptor blocker valsartan. Adult 
male Wistar rats were randomly divided into three groups 
(n=6/group): Sham‑operated control rats, treated with distilled 
water (1 ml/day) through gavage; rats with MH (established 
through aortic constriction), treated with distilled water 
(1 ml/day) through gavage; and MH + valsartan rats, treated 
with 20  mg/kg/day valsartan through gavage. Treatments 
commenced one day after surgery and continued for eight weeks. 
Body weight (BW), heart weight (HW) and plasma atrial natri-
uretic peptide (ANP) and brain natriuretic peptide (BNP) levels 
were determined, and the myocardial expression of HDAC2, 
HDAC5 and HDAC9 was analyzed through a reverse transcrip-
tion semi-quantitative polymerase chain reaction. The BWs of 
the rats in the three groups were similar at baseline; however, 
after eight weeks the BW of the rats in the MH + valsartan 
group was significantly reduced compared with that of the MH 
rats. Furthermore, the HW/BW ratio and plasma ANP and BNP 
levels were increased, the myocardial HDAC2 expression was 
significantly upregulated and the HDAC5 and HDAC9 expres-
sion was significantly downregulated in the MH rats compared 
with those in the control rats; however, these changes were 
significantly attenuated by valsartan. Modulation of myocardial 

HDAC5, HDAC9 and HDAC2 expression may therefore be one 
of the anti‑hypertrophic mechanisms of valsartan in this rat MH 
model.

Introduction

Myocardial hypertrophy (MH) is involved in the pathogenesis 
of various cardiovascular diseases (1‑3); however, the molecular 
mechanism underlying MH is yet to be fully understood. It has 
been shown that dysregulation of gene transcription can promote 
MH and cardiac dysfunction (4). The acetylation and deacety-
lation of core histones via histone acetyltransferases and histone 
deacetylases (HDACs) are important regulatory mechanisms 
in the pathogenesis of MH (5). A previous study reported the 
presence of 18 different HDACs, divided in two families: The 
first family includes HDACs belonging to Classes I (HDAC1, 
HDAC2, HDAC3 and HDAC8), II (HDAC4, HDAC5, HDAC6, 
HDAC7, HDAC9 and HDAC10) and IV (HDAC11); the second 
family of HDACs comprises seven members belonging to the 
Class III HDACs or sirtuins (SIRT1‑7) (6). 

Among the HDACs, HDAC2, HDAC5 and HDAC9 are 
the major players actively involved in regulating the processes 
of MH (7‑9). It has been shown that the nonspecific HDAC 
inhibitors trichostatin  A and valproic acid, as well as the 
HDAC‑selective inhibitor SK‑7041, can attenuate angio-
tensin II- and aortic stenosis‑induced MH (10). Furthermore, 
experimental and clinical studies have demonstrated the benefi-
cial effects of certain angiotensin II receptor blockers (ARBs) 
on inhibiting and attenuating MH (11-13). Despite this, it has yet 
to be determined whether the anti‑hypertrophic effects of ARBs 
are partially mediated by modulating the myocardial expression 
of HDAC2, HDAC5 and HDAC9. In the present study, the 
association between myocardial HDAC2, HDAC5 and HDAC9 
expression and MH was observed in rats with aortic constriction 
(AC) and/or ARB blocker (valsartan) treatment.

Materials and methods

Ethics statement. All animal protocols in this study were 
approved by the Animal Care and Use Committee of the 
Research Institute of Medicine, Shanghai Jiao Tong University 
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(Shanghai, China), in accordance with National Institutes of 
Health guidelines and public law. All surgery was performed 
under sodium pentobarbital anesthesia, and all efforts were 
made to minimize suffering.

In  vivo hypertrophy models and blood pressure (BP) 
measurements. Five‑ to eight‑week‑old adult male Wistar rats 
were purchased from the Shanghai SLAC Laboratory Animal 
Co., Ltd. (Chinese Academy of Sciences, Shanghai, China) and 
housed individually in plastic cages in a temperature‑controlled 
room. Rats were randomly divided into sham‑operated 
control, MH and MH + valsartan groups (n=6/group). MH 
was induced by abdominal aortic banding as previously 
described (14). Briefly, the animals were anesthetized with 
ketamine (16.65 mg/kg intramuscularly), a 22‑gauge needle 
was placed along the abdominal aorta above the renal arteries 
and both the aorta and the needle were tied with a 7‑0 silk 
thread. The needle was removed, leaving an aortic lumen deter-
mined by the diameter of the needle (60‑65% stenosis). The 
sham‑operated animals were subjected to the same procedure 
without the aortic banding. One day post‑surgery, valsartan 
(20 mg/kg; Beijing Novartis Pharma Co., Ltd., Beijing, China) 
was administered to rats in the MH + valsartan group through 
gavage once daily for eight weeks. The sham‑operated animals 
and rats in the MH group received 1 ml distilled water through 
gavage daily for eight weeks. The heart weight to body weight 
(HW/BW) ratio was obtained and systolic BP measurements 
were made using tail‑cuff plethysmography  (15) prior to 
surgery and every two weeks after the surgery; mean values 
from three measurements at each time‑point were calculated.

Histology. Cross‑sectional areas of cardiomyocytes and 
myocardial morphological changes were observed under 
optical microscope on hematoxylin and eosin‑stained sections 
by an investigator blinded to the study design.

Measurements of plasma atrial natriuretic peptide (ANP) and 
brain natriuretic peptide (BNP) levels and myocardial HDAC2, 
HDAC5 and HDAC9 mRNA expression. Plasma ANP and 
BNP levels were determined with immunoradiometric assay 
as previously described (16). Myocardial HDAC2, HDAC5 
and HDAC9 mRNA expression was detected through a reverse  
transcription semi-quantitative polymerase chain reac-
tion (RT‑qPCR) method. Total RNA was extracted from 
the myocardial tissue with TRIzol® (Invitrogen Life 
Technologies, Carlsbad, CA, USA). RT was carried out 
with 1.0 g total RNA using the SuperScript® First‑Strand 

Synthesis System for RT‑PCR (Invitrogen Life Technologies), 
according to manufacturer's instructions. cDNA (10  ng) 
was subjected to semi-quantitative PCR using TaqMan® 
gene expression assays (Applied Biosystems, Foster 
City, CA, USA) to assess the expression level of HDAC2 
(cat. no. Mm01193631_m1), HDAC5 (cat. no. Mm00515917_m1), 
and HDAC9 (cat. no. Mm00458456_m1). The semi‑quantita-
tive PCR cycling conditions were as follows: 94˚C for 1 min, 
55˚C for 1 min and 72˚C for 1 min for 35 cycles, followed 
by 72˚C for 5 min. Quantity One V4.62 (Bio-Rad, Hercules, 
CA, USA) software was used to analyse the results of the gray 
values from the semi-quantitative PCR.

Statistical analysis. Results are expressed as the mean ± stan-
dard deviation and analyzed using one‑way analysis of 
variance with Bonferroni post hoc comparison analysis. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Myocardial hypertrophy. Eight weeks after surgery, the BW 
of the rats in the MH + valsartan group was significantly 
reduced compared with that in the MH rats. As expected, the 

Figure 1. Time course of BP changes in the three groups. Systolic BP 
increased significantly in the MH rats, and this increase was partly attenuated 
by valsartan. Results are presented as the mean ± standard deviation.*P<0.05 
compared with the control group; †P<0.05 compared with the MH group. BP, 
blood pressure; MH, myocardial hypertrophy; wk, weeks.

Table I. BW and HW of rats eight weeks after aortic constriction surgery.

	 Control group	 MH group	 Valsartan group

BW (g)	 262.4±8.0	 257.3±10.1	 241.7±10.1a

HW (mg) 	 170.2±10.6	 260.3±20.1a	 200.2±11.7a,b

HW/BW 	 0.65±0.10	 1.09±0.05a	 0.83±0.08b

aP<0.05 compared with the control group; bP<0.05 compared with the MH group. MH, myocardial hypertrophy; BW, body weight; HW, heart 
weight.
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HW and HW/BW were significantly increased in the MH rats 
compared with those in the control rats, and could be signifi-
cantly reduced by valsartan treatment (Table I).

Blood pressure. As shown in Fig. 1, systolic BP was signifi-
cantly increased in the MH rats compared with that in the 
control rats, but was normalized with valsartan.

Histology. Histological observations were performed eight 
weeks post‑AC. Compared with the control group (Fig. 2A), 
moderate hypertrophy of the left ventricular cardiomyocytes 
and enlarged nuclei were observed in MH hearts (Fig. 2B). 

Only mild hypertrophy of the cardiomyocytes could be 
observed following valsartan treatment (Fig. 2C).

Plasma ANP and BNP levels. Plasma ANP and BNP levels 
were significantly increased in the MH rats compared with 
those in the sham‑operated rats eight weeks after surgery. 
Valsartan treatment significantly reduced the ANP and BNP 
levels (Table II).

Myocardial mRNA expression of HDAC2, HDAC5 and 
HDAC9. Eight weeks post‑AC, the myocardial expression 
of HDAC2 was significantly upregulated and the myocar-

Figure 2. Hematoxylin and eosin staining of the myocardium in the (A) control, (B) MH and (C) MH + valsartan groups (magnification, x400). (A) Eight weeks 
post‑aortic constriction, the left ventricular cardiomyocytes in the control group were observed to form a regular array, with uniform size and non‑swollen 
nuclei. (B) By contrast, cardiomyocytes in the MH rats formed a disorderly, irregular array, with non‑uniform sizes and swollen nuclei; (C) these changes were 
partially reversed by valsartan. MH, myocardial hypertrophy.

Figure 3. Myocardial (A) HDAC2, (B) HDAC5 and (C) HDAC9 expression in the three groups eight weeks after surgery was detected through a reverse tran-
scription semi-quantitative polymerase chain reaction. The myocardial expression of HDAC2 was significantly upregulated while the myocardial expression 
of HDAC5 and HDAC9 was significantly downregulated in the MH hearts compared with expression in the control group; however, these changes could be 
partially reversed by valsartan. Results are presented as the mean ± standard deviation. *P<0.05 compared with the control group; †P<0.05 compared with the 
MH group. MH, myocardial hypertrophy; HDAC, histone deacetylase.

Table II. Plasma ANP and BNP levels.

	 Control group	 MH group	 Valsartan group

ANP (pg/ml)	 53.1±11.3	 90.8±7.8a	 60.1±17.7b

BNP (pg/ml)	 136.6±11.2	 174.4±43.8a	 121.5±20.8b

aP<0.05 compared with the control group; bP<0.05 compared with the MH group. MH, myocardial hypertrophy; ANP, atrial natriuretic peptide; 
BNP, brain natriuretic peptide.

  A   C  B

  A   B   C
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dial expression of HDAC5 and HDAC9 was significantly 
downregulated in the MH hearts compared with that in the 
sham‑operated hearts. These changes could be reversed by 
valsartan (Fig. 3A‑C).

Discussion

In the present study, it was shown that AC‑induced MH 
was associated with myocardial HDAC expression changes: 
HDAC2 was upregulated while HDAC5 and HDAC9 were 
downregulated in MH hearts. These changes could be 
reversed by valsartan, suggesting that the anti‑hypertrophic 
effects of valsartan could be partly associated with the 
changes in myocardial HDAC expression. To the best of our 
knowledge, that is the first report concerning the effects of 
valsartan on myocardial HDAC expression in an AC‑induced 
model of MH.

It has previously been shown that the dysregulation of 
gene transcription can promote cardiomyocyte hypertrophy 
and embryonic gene expression and thus influence cardiac 
function  (17). Furthermore, it has been shown that the 
enzymes controlling histone acetylation may serve as stress 
regulators in gene expression in the heart (18), and histone 
acetylation/deacetylation may be a focal point for the control 
of cardiac growth and gene expression in response to acute 
and chronic stress stimuli (19).

The present results have shown that HDAC2 is upregu-
lated in MH rats. It is known that HDAC2 regulates the 
expression of numerous fetal cardiac isoforms. HDAC2 
deficiency or chemical HDAC2 inhibition can prevent the 
re‑expression of fetal genes and attenuate cardiac hyper-
trophy in hearts exposed to hypertrophic stimuli (20). The 
present finding that upregulated HDAC2 expression in 
AC‑induced MH hearts can be partly reversed by valsartan 
is consistent with the above results and suggests that one of 
the anti‑hypertrophic mechanisms of valsartan may be asso-
ciated with the modulatory effect of valsartan on myocardial 
HDAC2 expression.

In contrast to HDAC2, HDAC5 and HDAC9 are 
hypertrophy suppressors, and mice lacking HDAC5 (20) or 
HDAC9 (21) have been shown to be prone to hypertrophic 
stimuli. Consistent with the above results, the present study 
found downregulated HDAC5 and HDAC9 myocardial 
expression in MH hearts compared with the control hearts; 
however, the myocardial HDAC5 and HDAC9 expression was 
significantly upregulated following valsartan treatment.

Increases in BP and plasma ANP and BNP levels are typical 
findings an AC rat model  (22,23). As expected, valsartan 
reduced the BP and plasma ANP and BNP levels, indicating 
that BP reduction serves as an important mechanism in the 
attenuation of AC‑induced MH and that reduced plasma ANP 
and BNP levels may be the consequence of reduced MH 
following valsartan therapy.

In conclusion, the anti‑hypertrophic effects of valsartan 
may be partially mediated by changes in myocardial HDAC5, 
HDAC9 and HDAC2 expression in this AC rat model. 
Further studies in animals with silenced or overexpressed 
HDAC5, HDAC9 and HDAC2 gene expression are required 
to establish the role of HDAC5, HDAC9 and HDAC2 in the 
valsartan‑induced effects on MH.
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