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Abstract: Myocardial fibrosis (MF) plays an important part in cardiovascular diseases. The main cytological charac-
teristics of MF is the increased number of myofibroblasts, which have multiple sources such as EMT, EndMT, myeloid 
progenitors, monocytes, and fibrocytes. Recent data showed that pericytes may represent a major source of myofi-
broblasts in kidney fibrosis. Valproic acid (VPA) is a kind of short-chain fatty acid. It was reported in recent studies 
that VPA regulates gene expression and influences various signal pathways. HDACs inhibitors can hinder the growth 
of tumor cells and differentiation of stem cells. And little is known about the effects of HDACs inhibitors on myofibro-
blasts transdiffererntiaton. This study focused on the role of HDACs in pericyte-myofibroblast trans-differentiation 
and how HDACs inhibitor VPA influenced proliferation, migration, viability and myofibroblast trans-differentiation of 
pericytes for the first time. Rat cardiac fibrosis model was induced by Ang II. Immunohistochemistry was employed 
to examine cardiac fibrosis and flow cytometry was used to analyze whether inflammatory cells involve VPA-induced 
trans-differentiation. Pericytes proliferation, migration and differentiation to myofibroblasts were performed to ex-
amine the role of VPA on pericyte trans-differentiation. Immunoblot and qPCR were applied to identify the signal 
transduction involving in VPA-induced trans-differentiation. In vivo study showed that HDAC inhibitor VPA blocks 
cardiac fibrosis, and inflammation inhibition was not involved in this process. VPA treatment inhibited Ang II pericyte 
proliferation, migration and transdifferentiation to myofibroblast. Furthermore, the inhibition of α-SMA expression 
by VPA was related to reduce phosphorylation of ERK, and a pharmacological inhibitor of MEK suppressed Ang II-
induced α-SMA expression. HDAC4 knockdown resulted in inhibiting Ang II-mediated α-SMA expression as well as 
the phosphorylation of ERK. Moreover, the inhibitors of protein phosphatase 2A and 1 (PP2A and PP1) restored the 
Ang II-stimulated α-SMA expression from the inhibitory effect of VPA. Together, the current data indicate that the 
differentiation of pericytes to myofibroblasts is HDAC4 dependent and requires phosphorylation of ERK. 
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Introduction

Myocardial fibrosis (MF) is associated with an 
increased collagen volume and changed colla-
gen components in heart tissues [1]. MF is an 
inevitable process in the late stages of multiple 
cardiac diseases, including hypertension, heart 
failure, and valvular dysfunction. Higher inci-
dences of arrhythmia, cardiac dysfunction, and 
even sudden cardiac death are found in pati- 
ents with MF [2]. MF is mainly characterized by 
proliferation of fibroblasts and accumulation  
of extracellular matrix (ECM), which leads to 
increased cardiac stiffness, affecting the nor-

mal systolic and diastolic function of the heart 
[3]. MF plays an important role in the diagno- 
sis of cardiovascular diseases [4]. Fibroblasts 
maintain normal structure and function of the 
heart by preserving homeostasis of ECM. 
However, under the circumstances of myocar-
dial infarction, overloading stress or activation 
of neurohumoral factors, fibroblasts pathologi-
cally proliferate and transform into myofibro-
blasts. Myofibroblasts are smooth-muscle-like 
fibroblasts, serving as a transition state from 
fibroblasts to smooth muscle cells. The major 
difference between myofibroblasts and fibro-
blasts is the α-SMA expression and bundled 
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contractive microfilaments in the cytoplasm of 
myofibroblasts. The difference of myofibro-
blasts from smooth muscle cells is the produc-
tion of type I, III, IV, and V collagen and isomer 
of fibronectin ED-A [5]. 

The sources of myofibroblasts in MF mainly 
include fibroblasts in the heart tissue, epitheli-
al-mesenchymal transition (EMT), endothelial-
mesenchymal transition (EndMT), and the 
myeloid progenitors, monocytes, and fibrocytes 
in circulation. Lin and colleagues reported that 
pericytes and perivascular fibroblasts were the 
main sources of mesenchymal myofibroblasts 
[6]. Generated from mesenchyma, pericytes 
can produce collagen and highly branched 
mesenchymal cells. Pericytes are embedded 
into basement membrane of microvessels and 
connected to endothelial cells intercellularly 
[7]. It has been revealed that the pericyte 
begins to move away from capillaries, enters 
cell cycle, and subsequently increases in the 
population size within 24 h after kidney injuries 
by UUO surgery as the increase of collagen 1 
(α1) (Col1α1) transcript [8].

In eukaryotes, reconstruction of chromatin pro-
tein is the essential mechanism of epigenetic 
regulation of genes [9]. Acetylization of histone 
increases DNA accessibility by neutralizing pos-
itive charge of lysine residues, promoting the 
separation of DNA and histone, and making 
nucleosome DNA more accessible to transcrip-
tional factors in order to activate transcription. 
Acetylization of histone also plays an important 
role in regulating the interactions of multiple 
proteins. Acetylization of histone is dependent 
on histone acetyltransferases (HATs), and its 
counter-reaction depends on histone deacety-
lases (HDACs) [10]. Valproic acid (VPA), a short-
chain fatty acid, is the first-line drug to treat 
epilepsy and depression for more than 40 years 
[11]. Recent studies showed that VPA could 
inhibit HDACs, leading to high histone acetyla-
tion levels [12]. HDACs inhibitors can hinder the 
growth of tumor cells and differentiation of 
stem cells [13, 14].

The phosphorylation/dephosphorylation of pro-
teins controlled by protein kinases and protein 
phosphatases (PP) is a critical factor in regulat-
ing multiple cellular processes. PP1 and PP2A 
belong to serine/threonine phosphatases. PP- 
2A is capable of dephosphorylating ERK in 
vitro, and the protein phosphatase inhibitor 

okadaic acid (OA) has been shown to rescue 
ERK phosphorylation from PP2A dephosphory-
lation in MCF-7 breast cancer cells [15]. HDAC6 
associate with PP1 and their inhibitor results in 
increased PP1-ERK association [16].

Herein we show that the differentiation of car-
diac pericytes to myofibroblasts is HDAC4 
dependent and requires phosphorylation of 
ERK. The phosphorylation of ERK is required for 
α-SMA expression in response to Ang II. Both 
VPA and HDAC4 knockdown are sufficient to 
decrease phosphorylation of ERK and block 
Ang II-stimulated α-SMA expression, and the 
pharmacological inhibition of PP1 and PP2A 
rescues the α-SMA expression in response to 
Ang II.

Material and methods

Experimental animals

Cardiac fibrosis models of rats were estab-
lished as described in the literature [17]. The 
Sprague Dawley rat was infused with Ang II 
[Bachem, 1.5 μg/(min•kg)] for 2 weeks using 
an osmotic mini-pump (Model 2004, Alza Corp, 
America). VPA (10 mg/kg) or vehicle (50:50 
DMSO: PEG-300) was intraperitoneally inject- 
ed daily for continuous 2 weeks. The rats were 
killed at 20 h after the last administration of 
the compound. The animals were anesthetiz- 
ed with 2% isoflurane, and the hemodynamic 
data were collected via carotid catheterization 
(Scisense, UK). 

Tissue preparation and histology

Myocardial tissue from the left ventricular 
transverse section was routinely fixed and 
embedded. The paraffin sections were stained 
with picrosirius red and the myocardial collagen 
volume fraction (CVF) was observed and mea-
sured. Method of calculation: Data were record-
ed by a Nikon camera system, and Image Pro 
Plus 6.0 software was used to analyze the ratio 
of the myocardial collagen area and the total 
area of the visual field. At least 6 fields of each 
section were analyzed.

Flow cytometry

About 50 mg fresh heart tissues were obtained 
and washed with PBS to remove the blood rem-
nant. Ophthalmic scissors were used to cut the 
tissue into pieces of 1 mm3. Pancreatin-EDTA 
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(2.5 g/L) and collagenase (0.25 g/L) were 
added to digest the heart tissue into single cell 
suspension, which underwent centrifugation at 
1,000 r/min for 5 min. The supernatant was 
abandoned. The sediment was resuspended 
into cold PBS and underwent 300 mesh screen 
filter. Cells were pelleted, followed by resus-
pending in FACS wash buffer (PBS with 1% BSA 
and 0.1% sodium azide, 5 × 106/mL) which con-
tained a 1:100 dilution of each fluorescence-
conjugated antibody, such as anti-CD11b-APC 
(eBioscience), anti-CD45-V500 (BD Bioscien- 
ces), anti-CD34-PE (BD Biosciences), anti-F4/ 
80-PerCp Cy5.5 (eBioscience), and anti-Ly6G-
APC Cy7 (BD Biosciences). Surface staining 
was carried out at 4°C for 20 min. The cells 
were washed before resuspension for FACS 
analysis.

Culture of cardiac pericytes

Ventricular myocardial pericytes were isolated 
based on previously published data [18]. Rats 
were intraperitoneally injected with 2000 U/kg 
heparin and anesthetized with 2% pentobarbi-
tal solution (45 mg/kg) after 20 min. The heart 
with a section of the aorta was rapidly removed. 
Residual blood from the heart was washed with 
cold Ca2+-free Ringer solution (dissolving the 
following chemicals in water (in mM): 127 NaCl, 
4.6 KCl, 1.1 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 
7.6 glucose, 2 pyruvate, 10 creatine, 20 tau-
rine, 5 ribose, 2 aspartic acid, 2 glutamic acid, 
1 arginine, and 0.5 uric acid, equilibrated with 
carbogen). The heart with a section of the aorta 
was quickly hung on the Langendorff device, 
with 6 mL/min flow rate. Retrograde perfusion 
was performed with oxygen saturated digested 
liquid 110 collagenase B (Roche Diagnostics, 
Mannheim, Germany), 8 dispase II (Roche), and 
200 albumin (Sigma) in mg/100 mL via the 
aorta for 13-16 min at 37°C. The digestion was 
stopped when the heart became soft and the 
color looked pale. The residual digestive liquid 
was washed by 30 mL Ca2+-free Ringer solu-
tion. Left ventricles were cut into 3 × 3 mm 
pieces in 20 mL Ringer solution, gently homog-
enized for 30 min at 37°C. After collection of 
the suspended myocardial microvessels by fil-
tration through a nylon net (mesh size: 200 
μm), pericytes were detached selectively from 
their parent vessels on the net. For this pur-
pose, the net was covered on both sides with 
further nets of smaller mesh size (50 μm), 
installed between two perfusable chambers in 

a custom built apparatus, and flushed continu-
ously with 13 mL freshly prepared protease 
solution which was pumped back and forth 
across the net stack in a custom-built appara-
tus (15 min, 37°C, 6 cycles/min). In order to 
further purify pericytes from cell mixture which 
contains two main contaminating cells (< 10%): 
endothelial cells (ECs) of venular origin and 
some smooth muscle cells (SMCs). A few small 
islets of SMCs could be removed by scratching 
with a sterile glass rod microscopically after 
1-week cultivation. In the next 2-3 week, peri-
cyte clumps had formed and were dispersed 
selectively with dispase II solution. The cultures 
obtained by reseeding these clumps still con-
tained small numbers of ECs and thus again 
proliferated undoubtedly rapidly. These con-
taminating cells could be eliminated finally by 
maintenance of the culture in starvation medi-
um (medium 199, supplemented with the usual 
antibiotics, but free of glutamine and serum) 
for 2 month.

Immunofluorescence

Paraformaldehyde was used to fix CFs. Triton 
X-100 was employed for penetration of the  
cell membrane. 1% bovine serum albumin was 
used to block for 30 min at the room tempera-
ture. Rabbit polyclonal anti-α-SMA primary anti-
body (Abcam, Cambridge, MA), goat polyclonal 
anti-PDGFRα and anti-PDGFRβ (both from R&D 
Systems, Minneapolis, MN) were added and 
incubated at 4°C overnight. After washing with 
PBS, the cells were incubated with a goat anti-
rabbit secondary antibody conjugated to TRITC 
(Invitrogen, Carlsbad, CA) for 1 h at the room 
temperature. PBS was used for washing. Finally, 
DAPI (Sigma-Aldrich) was employed for nuclear 
re-staining. The cells were observed under a 
fluorescence microscope.

Cell cycle analysis 

100 μL cell suspension containing 5000 cells 
(with serum medium) was seeded into a 96-well 
plate. Additionally, one empty well was added 
100 μL culture medium without cells, and mar-
ginal well was added with PBS. After routine 
culture for 24 h, culture solution containing Ang 
II (100 nM) or Ang II (100 nM) +1, 2.5, 5 mM of 
VPA (P4543, Sigma Aldrich, Sweden), tricho-
statin A (TSA, Sigma Aldrich) or VPA analogue 
penta was used for cell culture for another 48 
h. DMEM containing 10% FBS was used as a 
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control. Isovolume of media containing CCK-8 
(Dojindo, Japan) was added to each well. The 
cells were incubated at 37°C for 1.5 h. 
Microplate assay (Thermo, USA) was used to 
detect the absorbance at 450 nm. Statistical 
analysis was performed and the experiment 
was repeated independently for three times.

Pericytes cell viability (%) = [A(dosing)-A(blank)]/
[A(0 dosing)-A(blank)] × 100%. A(dosing): Ab- 
sorbance of pores with cells, CCK solutions, 
and drugs; A(blank): Concentration of pores 
with no culture or CCK solution; A(0 dosing): 
Absorbance of pores with cells and CCK solu-
tions without drugs.

Migration assay

Pericytes were cultured in a 12-well plate coat-
ed with fibronectin (10 mg/l) (Sigma Aldrich, St. 
Louis, MO) until confluence. A 200 μL pipete  
tip was used to mark two orthogonal straight 
lines slightly forcibly perpendicular to the cell 
culture side. PBS was used for washing twice. 
Intersection of the two orthogonal straight lines 
was regarded as the center under the inverted 
microscope, and continuous 5 visual fields 
were photographed under 5 × objective lens. 
Cells were starved with serum-free medium for 
8 h before treatments. Culture solution contain-
ing Ang II (100 nM) or Ang II (100 nM) +1, 2.5, 5 
mM of VPA (P4543, Sigma Aldrich, Sweden), 
trichostatin A (TSA, Sigma Aldrich) or VPA ana-
logue penta was used for cell culture for anoth-
er 48 h. DMEM containing 10% FBS was used 
as a control. The pericytes were stained with 
crystal violet and the migration was recorded. 
The migration scores were judged according to 
the below criterion: 0, no migration; 1, migra-
tion began along the border but cells did not 
span the gap/void; 2, migrating cells were span-

protein samples were separated by SDS-PAGE, 
and were transferred onto a PVDF membrane. 
They were washed with 1 × TBST for three 
times, 10 min for each time. The membrane 
was then incubated with primary antibodies 
including PDGFRα, PDGFRβ (Cell Signaling 
Technology, Beverly, MA), α-SMA (Sigma Aldrich, 
St. Louis, MO), β-actin (Abcam) and phospho-
p44/42 MAPK (ERK1/2) (Cell Signaling Tech- 
nology, Beverly, MA) at 4°C overnight. After 
washing with TBST for three times, HRP-
secondary antibody was incubated at the room 
temperature for 2 h. ECL was used to cover the 
membrane in the dark room for 5 min. Gel 
imaging system was used to scan and analyze 
absorbance.

Total RNA was extracted using TRIzol (Invitro- 
gen, Carlsbad, CA). Spectrophotometer was 
used to measure the purity and quantity of 
RNA. Reverse transcription was performed to 
produce cDNA using a reverse transcription 
reagent kit (Promega, Madison, WI). Reverse 
transcription system: 2 μg total RNA, 0.5 μg 
oligo-dT primer, 1 μL dNTP mixture, 2 μL RNase 
inhibitor, and 4 unit reverse transcriptase. 
Reverse transcription procedures: preserving 
heat at 42°C for 60 min, and inactivating 
reverse transcriptase at 95°C for 5 min, 4°C 5 
min. Real time-PCR system: cDNA 1 μL, SYBR 
Green I (Roche Applied Science) 10 μL, forward 
primer (20 μmol/L) 0.5 μL, reverse primer (20 
μmol/L) 0.5 μL, and DEPC-treated water 8 μL. 
All RT-PCR amplification system was the same. 
Amplification conditions: Initial denaturation at 
94°C for 2 min; template denaturation at 94°C 
for 30 s; annealing at 57°C for 30 s; extension 
at 72°C for 30 s. β-actin mRNA was regarded 
as the internal reference. The following express-
ing formula was adopted: the expression level 

Table 1. Primers used for quantitative real-time PCR

Gene 5-3 Amplified  
fragment length

α-SMA Sense: GGGCTGTCCCCATGAGAATG 467 bp
Antisense: GACTTGCCGCCTACACTGAT

PDGFRα Sense: TCAACTCGGCAAGCTCTCAG 717 bp
Antisense: TCCTCAGGAGGCATGTTTGG

PDGFRβ Sense: CAGGTGCAAAGGAGTTGTGC 864 bp
Antisense: CAATAAGAACGCTGAGCGGC

GAPDH Sense: TGACGGGCACCCTTGATATG 686 bp
Antisense: CCAAGTCACTGTCACACCAGA

ning the gap/void but did not com-
pletely populate the gap/void; 3, 
migrating cells completely repopulat-
ed the gap/void [10]. The average 
score of each group was calculated 
and compared.

Immunoblotting and quantitative 
PCR

Cells were collected, and cell lysis 
solution was added to extract the 
proteins and the protein content was 
determined. The equivalent of 30 μg 



VPA regulates pericyte-myofibroblast trans-differentiation

1980	 Am J Transl Res 2018;10(7):1976-1989

of the target gene = 2-ΔΔCt. The primers are 
listed in Table 1.

Data analysis

All data were presented as mean ± SEM, and 
analyzed with SPSS 13.0 statistical software. 
Means between two groups were compared 
using t test. Means among multiple groups 
were compared using one-way ANOVA. Diffe- 
rence among groups was analyzed. P < 0.05 
indicated significant difference.

Results

HDAC inhibitor VPA blocks cardiac fibrosis

VPA treatment for two weeks did not notably 
influence animal body weight (Figure 1A) or Ang 

II-induced hypertension (Figure 1B), indicating 
that VPA did not block the initial phase of car-
diac remodeling. Moreover, Ang II did not induce 
significant LV hypertrophy or abnormalities of 
cardiac systolic and diastolic function. Effects 
of VPA on cardiac fibrosis were assessed by pic-
rosirus red staining of the LV sections. Two 
weeks of Ang II treatment led to an evident col-
lagen deposition in cardiac interstitium, which 
was completely abolished by VPA (Figure 1C, 
1D). These data indicated that HDACs inhibitor 
VPA played an important role in the pathogen-
esis of myocardial fibrosis.

VPA does not reduce Ang II-mediated inflam-
mation in the LV

Inflammatory cells and factors play an impor-
tant role in the pathophysiology of cardiac fibro-

Figure 1. HDACs inhibitor VPA inhibits cardiac fibrosis. A: 
LV sections stained with picrosirius red for interstitial colla-
gen. LVs were obtained from rats treated with Ang II in the 
absence or presence of VPA for 2 weeks. Scale bar = 10 
μm. B: Quantification of cardiac interstitial collagen area 
from picrosirius red-stained section with results expressed 
as (collagen volume fraction, CVF). C and D: Changes in 
expression levels of collagen I and collagen III mRNA from 
rats treated with Ang II in the absence or presence of VPA 
for 2 weeks. Data represent mean ± SEM. *P < 0.05 vs 
Sham + Vel group, #P < 0.05 vs Ang II + Vel group, **P < 
0.01 vs Sham + Vel group, ##P < 0.01 vs Ang II + Vel group.
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Figure 2. VPA does not reduce Ang II-mediated inflammation in the LV. A: Heart sections of rats treated with Ang II 
in the absence or presence of VPA were stained by H&E staining, and arrows indicated inflammatory cells. B: IL-6 
mRNA expressions was not decreased by VPA treatment. C: Cells falling within the FSC/SSC gate was analyzed for 
CD45+ positivity against SSC. D: Quantification of CD45+ cells in rat LV, n = 3/group. E: CD45+ cells were then further 
analyzed for expression of CD11b and Ly6G to identify the monocyte/macrophage and neutrophil populations. F 
and G: Quantification of indicated populations of monocytes/macrophages (CD45+CD11b+Ly6G-) and neutrophils 
(CD45+CD11b+Ly6G+) in LV single-cell suspensions, n = 3/group. Data represent mean ± SEM. **P < 0.01 vs Sham 
+ Vel group.

Figure 3. VPA attenuates Ang II-induced pericyte-myofibroblast trans-differentiation in vitro. Pericytes were treated 
with Ang II in the absence or presence of VPA. (A) Immunofluorescence images showing that VPA inhibited Ang II-
stimulated α-SMA, PDGFRα and PDGFRβ expression. (B and C) Quantitative PCR (Q-PCR) (B) and western blot analy-
sis (C) of α-smooth muscle actin (α-SMA), PDGFRα and PDGFRβ of Control, Ang II treated alone and in presence of 
VPA in pericytes treated with antibody as indicated. Data represent mean ± SEM. *P < 0.05 vs Control group, **P < 
0.01 vs Control group, ##P < 0.01 vs Ang II alone treated group.

sis, and recent study demonstrated that re- 
cruitment of leukocytes to the heart is essen-
tial for myocardial fibrosis [19, 20]. HDAC in- 

hibitors exert broad anti-inflammatory acti- 
vity [21]. It is probably that cardiac fibrosis  
is suppressed by VPA owing to inhibition of  
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Ang II-mediated inflammatory cells recruitment. 
HE staining of heart section showed that  
Ang II induced the infiltration of inflammatory 
cells, but VPA treatment did not reduce the  
infiltration of inflammatory cells in the heart 
(Figure 2A). qPCR results indicated that IL-6 
level was elevated by Ang II treatment, and VPA 
did not reduce IL-6 mRNA level (Figure 2B). 
Flow cytometry analysis indicated that total  
leukocyte (CD45+ cells) numbers were mark- 
edly elevated in the hearts of the rats recei- 
ving Ang II (Figure 2C, 2D). Unexpectedly,  
leukocyte infiltration was not declined in VPA-
treated group (Figure 2C and 2D). Further- 
more, VPA also failed to decrease Ang II-indu- 
ced monocytes/macrophages (CD45+CD11b+ 

Ly6G-) and neutrophils (CD45+CD11b+Ly6G+) 
infiltration to the heart (Figure 2E-G). These 
data demonstrate that HDAC inhibitor blocks 
cardiac fibrosis independently of effects on in- 
flammatory responses, there must exist other 
mechanisms or cells responsible for VPA-indu- 
ced inhibition of Ang II-mediated myocardial 
fibrosis. 

VPA attenuates Ang II-induced pericyte-myofi-
broblast trans-differentiation in vitro

To examine HDACs inhibition on reversal of peri-
cyte-myofibroblast trans-differentiation, peri-
cytes were induced differentiation by Ang II for 
48 h and then treated with VPA at different con-

Figure 4. VPA inhibits Ang II-induced proliferation and migration of pericytes. (A) Cultured pericytes were synchro-
nized and then stimulated with Ang II in the absence or presence of VPA, TSA, a pan-HDAC inhibitor or Penta, a VPA 
analogue. Cell Counting Kit-8 (CCK-8) was used to examine cell proliferation ability. (B) As the indicated treatments 
in (A), cells were stained with propidium iodide and cell cycle progression analyzed by flow cytometry. (C) Represen-
tative images of pericyte cultures in the wound healing assay at 0 and 20 h stimulated with Ang II in the absence or 
presence of VPA. (D) Migration scores were determined in pericyte exposed to different concentrations of VPA, TSA 
or Penta. Data represent mean ± SEM. #P < 0.05 vs Ang II +/VPA-group, **P < 0.01 vs Control group, ##P < 0.01 vs 
Ang II +/VPA-group. 
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centrations in the presence of Ang II for another 
48 h. In control groups, cells were incubated 
with either 10% FBS (pericyte) or Ang II (myofi-
broblast). Microvascular pericytes are long, 
branching cells with thin filopodia, whereas Ang 
II-treated cells adopted spindle-shaped mor-
phology, and treatment with VPA maintained 
pericytes in a branched phenotype in the pres-
ence of Ang II. Immunofluorescence data 
showed that VPA-treated cells stained less 
intense for α-SMA, PDGFRα and PDGFRβ, indi-
cating that HDACs inhibition induced a reversal 
of trans-differentiation (Figure 3A). Consistently, 
VPA reduced the mRNA levels of the myofibro-
blast markers α-SMA, PDGFRα and PDGFRβ  
in a dose-dependent manner that was signifi-
cant at 5 mM of VPA (Figure 3B). This was veri-
fied at the protein level by Western blot analysis 
(Figure 3C).

VPA reduces Ang II-mediated cardiac pericytes 
proliferation in a dose-dependent manner

To investigate whether VPA affects pericyte cell 
proliferation, pericytes were treated with Ang II 
for 48 h. Subsequently, the cells were treated 
with VPA at different concentration for another 
48 h. VPA had a prominent effect on prolifera-
tion of pericyte, and 1 mM VPA was sufficient to 
markedly inhibit the proliferation of pericytes 
(Figure 4A). To exclude the effect of VPA on the 
number of viable cells, cell viability was exam-

ined. No significant differences in the percent-
age of PI+ cells were observed when pericytes 
were exposed to VPA, TSA or Penta for 24 h 
when compared to control pericytes (Figure 
4B).

VPA inhibits Ang II-mediated pericytes migra-
tion

The effect of VPA on migration of pericytes was 
examined in a wound healing assay (Figure  
4C). The migration score was quantified as 
described in Materials and Methods. Pericyte 
migration was greatly reduced when pericytes 
were exposed to 2.5 mM of VPA. No significant 
effect on pericyte migration was observed at 
lower VPA concentration (Figure 4D). The VPA 
analogue Penta lacking HDAC inhibitory activity 
had no obvious influence on pericyte migration 
(Figure 4D). Pericytes exposed to 10 nM TSA, a 
more potent HDAC inhibitor, showed a markedly 
reduced migration (Figure 4D). This effect was 
not seen at 5 nM TSA. 

Abrogation of pericytes-to-myofibroblast dif-
ferentiation is involved in inhibiting the phos-
phorylation of ERK

To identify the molecular mechanism by which 
VPA inhibits pericyte-to-myofibroblast differen-
tiation, we first measured the activity of HDACs; 
The results showed that VPA at 1 mM was suf-
ficient to inhibit the activity of HDACs as indi-

Figure 5. Inhibition of Ang II-mediated ERK activation by HDAC blockade. (A) The acetylation of histone 3 (Lys23) 
was assessed by Western blot after treatment for 12 h. (B) The abundance of phosphorylated ERK1/2 was deter-
mined in pericytes exposed to Ang II with and without VPA for 12 h or pretreated with the MEK inhibitor (MEKi) (50 
μM PD98059) for 1 h and then stimulated with Ang II for 12 h. (C) The culture condition was similar to (C), and the 
expression of α-SMA was measured by western blot in pericytes treated with Ang II with and without VPA and MEKi. 
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cated by increased acetylation of histone 3 
(Figure 5A). ERK/MAPK pathway is significant 
for mesenchymal cells to differentiate into 
smooth muscle cells marked by α-SMA ex- 
pression. We then explored whether the phos-
phorylation of ERK1/2 was necessary for Ang 
II-induced myofibroblast differentiation. Ang II 
alone significantly upregulated the phosphory-
lation of ERK1/2. In contrast, Ang II and VPA 
co-treatment decreased the phosphorylation of 
ERK1/2 (Figure 5B). 

To further clarify that ERK1/2 is involved in re- 
gulating pericyte-to-myofibroblast differentia-
tion, a MEK inhibitor, MEKi (50 μM PD98059) 
was used to pretreat pericytes for 1 h before 
stimulating the cells with Ang II for 24 h. Wes- 
tern blotting results showed that treatment of 
cardiac pericytes with MEKi significantly reduc- 
ed Ang II-induced increase in pERK1/2 and 
α-SMA expression at protein and mRNA level 
(Figure 5B, 5C). These results suggest that 
VPA-mediated reduction in pERK1/2 is enough 
to inhibit the expression of α-SMA, and the  

activation of ERK1/2 is necessary for Ang II- 
mediated α-SMA expression. 

HDAC4 is required for the Ang II-induced myofi-
broblast differentiation 

As previously described, HDAC4 is important 
for TGFβ1-induced α-SMA expression in dermal 
fibroblasts [22]. We identified whether HDAC4 
is also important for α-SMA expression in Ang 
II-stimulated myofibroblast differentiation in 
pericytes and whether HDAC4 is involved in  
the regulation of ERK phosphorylation. We 
employed siRNA to knock down HDAC4 in our 
pericytes following Ang II treatment. As shown 
in Figure 6A, knockdown with siRNA markedly 
blocked HDAC4 expression at mRNA level. The 
expression of α-SMA at both the protein and 
mRNA level was also inhibited by HDAC4 kno- 
ckdown with or without Ang II (Figure 6B, 6C). 
HDAC4 knockdown also blocked Ang II-medi- 
ated ERK1/2 phosphorylation (Figure 6D), whi- 
ch suggests that ERK1/2 phosphorylation is 
modulated by HDAC4 in the regulation of Ang 
II-mediated α-SMA expression (Figure 6).

Figure 6. HDAC4 is required for Ang II-mediated α-SMA expression and ERK1/2 activation. (A) SiRNA or negative 
control (NC) siRNA targeting HDAC4 were transiently transfected into pericytes. The pericytes were subsequently cul-
tivated in the presence or absence of Ang II for 12 h. Quantitative PCR (Q-PCR) was performed to examine HDAC4 (A) 
and α-SMA (B) mRNA levels (n = 3, means ± SEM). *P < 0.05 vs untreated control; #P < 0.05 vs Ang II alone treated 
group. (C) HDAC4 knockdown and control pericytes were cultivated in the presence or absence of Ang II for 24 h. 
Western blot analysis was performed using α-SMA and β-actin antibodies, and then the membranes were stripped 
and probed for pERK1/2 and total-ERK1/2 (tERK1/2) (D). 
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Pharmacological inhibitor of PP2A and PP1 
restores the expression of α-SMA phosphoryla-
tion of ERK1/2

Since both PP1 and PP2A can dephosphorylate 
ERK1/2 [23], we used two potent PP1 and 
PP2A inhibitors, Calyculin A and Tautomycin 
[24], to inhibit PP1 and PP2A in pericytes and 
examine whether ERK1/2 phosphorylation is 
necessary for induction of α-SMA in response 
to Ang II. Western analysis demonstrated that 
the PP1 and PP2A inhibitors Tautomycin (0.05 
nM) and Calyculin A (0.5 nM) significantly res-
cued α-SMA expression (Figure 7A) from the 
inhibitory effects of VPA. Moreover, Tautomycin 
and Calyculin A treatment also rescued ERK1/2 
phosphorylation (Figure 7B). Our results sug-
gested that PP1 and PP2A, one or both of them, 
is/are necessary for the dephosphorization of 
ERK1/2 and the inhibition of α-SMA expression 
by VPA.  

Discussion

HDACs and HATs play important roles in the 
remodeling of chromatin structures [25]. The 
acetylation and deacetylation of histone is  
controlled by HATs and HDACs [26, 27]. HDACs 
are increasingly known as targets for the treat-
ment of several diseases, including heart fail-
ure and cardiac hypertrophy [28, 29]. In the 
present study, we identified a crucial role for 
HDAC4 in Ang II-stimulated cardiac pericyte-
myofibroblast differentiation via a mechanism 
regulating the phosphorylation of ERK. Our 
data showed that VPA, an HDAC inhibitor, atten-
uated cardiac fibrosis in Ang II-treated rats, 
which was characterized by reduced type I col-
lagen expression.

We originally hypothesized that repression of 
fibrosis by class I HDAC inhibitors was associ-
ated with a suppression of inflammatory cells 
or factors, since it has long been recognized 
that inflammatory cells and factors played an 
important role in the pathophysiology of cardi-
ac fibrosis [30, 31]. In addition, HDACs inhibi-
tors exert broad anti-inflammatory activity [32]. 
Surprisingly, however, treatment of the mice 
with VPA failed to block accumulation of mono-
cytes, macrophages and neutrophils in the 
hearts of Ang II-treated rats. 

In response to pressure overload, myocardial 
infarction or humoral factors stimulation, fibro-
blasts, fibrocytes and pericytes could prolifer-
ate and produce excess amounts of ECM, and 
transdifferentiate into myofibroblasts, charac-
terized by increased α-SMA and h-collagen I 
expression. Consistent with this idea, our re- 
sults showed that VPA had a prominent effect 
on proliferation of pericyte, and 1 mM VPA was 
sufficient to markedly inhibit the proliferation  
of pericytes. The VPA analogue Penta which 
lacks HDACs inhibitory ability had no effects on 
pericyte proliferation. These data indicated 
that the anti-proliferative effect was probably 
due to the inhibitory ability of VPA on HDACs. 
That was further supported by experiments 
using TSA, another more potent HDACs inhibi-
tor, which had similar anti-proliferative effects 
compared to VPA. In conclusion, these data 
support a role for VPA in suppressing pericyte 
proliferation due to its inhibitory effect on 
HDACs. 

The present data show that VPA attenuates 
pericyte migration. Generally, the influence of 
cell proliferation and viability on migration must 
be taken into consideration. In this study, no 

Figure 7. PP1 and PP2A inhibitors restore α-SMA expression and ERK1/2 phosphorylation downregulated by VPA. 
After serum starvation, pericytes were pretreated with the PP1 and PP2A inhibitors T (Tautomycin) and C (Calyculin 
A) for 1 h followed by treatment with Ang II and VPA. Western blot was performed with α-SMA (A), pERK1/2, tERK1/2 
(B), and β-actin antibodies. 
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significant differences in the number of viable 
cells were observed after exposing pericytes to 
the different concentrations of VPA in the 
wound healing assay. Thus, the effect of cell 
viability should not be considered. Inhibitory 
effects on proliferation were found in pericytes 
treated with 1 mM VPA, and the inhibitory effect 
on migration was first notable when pericytes 
exposing to 2.5 mM VPA. Thus, a decrease in 
pericyte proliferation could not influence the 
observed results. The HDACs inhibitor TSA had 
a similar effect on pericyte migration. No obvi-
ous effect on migration was observed when 
cells were treated with the VPA analogue Penta, 
suggesting that inhibitory effect of VPA on peri-
cyte migration was due to its HDACs inhibition 
ability. 

HDACs regulate pathological cardiac conditions 
such as fibrosis [28] and hypertrophy [33]. Here 
we show that HDAC4 knockdown not only inhib-
ited α-SMA expression but also suppressed the 
phosphorylation of ERK1/2. The PP1 and PP2A 
inhibitors Tautomycin and Calyculin A restored 
Ang II-mediated α-SMA expression from the 
inhibitory effects of VPA. HDAC4 forms a com-
plex with the PP2A holoenzyme to regulate its 
nuclear import and thus, we hypothesize that 
HDAC4/PP2A complex are parts of the α-SMA 
transcriptional complex, and HDAC4 is dephos-
phorylated by PP2A to maintain a state of tran-
scriptional inhibition. When HDAC4 is inhibited 
by VPA or siRNA knockdown, the PP2A may be 
released and subsequently dephosphorylate 
ERK1/2; however, further work is required to 
confirm this hypothesis. 

MAPKs pathways play important role in cell 
growth, apoptosis and trans-differentiation 
[34, 35]. ERK1/2 is a key growth signaling 
kinase among the three major MAPKs. ERK 
phosphorylation is regulated by kinases and 
protein phosphatases. Once activated, ERK1/2 
could active a series of intracellular targets  
and result in gene expression. Several reports 
pointed out that Ang-II induced phosphoryla-
tion of ERK1/2 in various cell types contribut-
ing to remodeling through enhanced prolifera-
tion, migration, inflammation and fibrosis [36-
38]. In the present study, we notice that phos-
pho-ERK1/2 protein levels were significantly 
increased under Ang II stimulation, and 1 mM 
of VPA was sufficient to markedly reduce 
ERK1/2 phosphorylation, MEK inhibitors sig-

nificantly block Ang II-induced increase in 
α-SMA expression at protein and mRNA level. 
The knockdown or inhibition of HDAC4 dephos-
phorylates ERK1/2, suggesting that VPA may 
dephosphorylate ERK by releasing PP2A/1 
from HDAC-PP2A/1 complexes leading to in- 
creased PP2A/1/ERK association. Moreover, 
we showed that Tautomycin and Calyculin A 
could restore the α-SMA expression and phos-
phorylation of ERK1/2 (Figure 7), however, fur-
ther work is needed to specify whether PP1 or 
PP2A alone, or both of them combined, are 
involved in regulating of VPA on Ang II activity. 

In summary, we demonstrated that the activa-
tion of ERK played a crucial role in Ang II-sti- 
mulated cardiac pericyte-myofibroblast trans-
differentiation and that either a HDAC inhibi- 
tor or a specific siRNA for HDAC4 can suppress 
this ERK-dependent Ang II pathway. 

Conclusions

This study provides new evidence that VPA 
inhibits proliferation, migration and differentia-
tion of pericytes into myofibroblasts induced by 
Ang II and suggests that pericytes could be 
used as a novel therapeutic target to prevent 
fibrosis. Future in vivo studies focusing on dif-
ferent types of HDAC inhibitors in pathological 
conditions will be required to illustrate the 
effect of HDAC inhibition on pericytes. 
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