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SAHA could inhibit TGF-B1/p38 pathway in Ml-induced cardiac fibrosis
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Abstract

Growing evidences have revealed that a histone deacetylase inhibitor (HDACi), suberoylanilide hydroxamic acid (SAHA)
has anti-fibrotic effect in different diseases. In this study, we first evaluated whether SAHA could suppress cardiac fibrosis.
Mice with Ml-induced cardiac fibrosis were treated with SAHA by intraperitoneal injection and their cardiac function was
improved after SAHA treatment. Results of western blotting and qRT-PCR in heart tissues suggested that TGFf1/P38 path-
way was activated in MI mice, and this effect was reversed by SAHA. Cell proliferation assay suggested that SAHA could
suppress TGF-B1-induced cardiac fibroblasts proliferation. Furthermore, results of western blotting and qRT-PCR in cardiac
fibroblasts depicted that SAHA may exert its anti-fibrotic effect through inhibiting TGF-p1-induced P38 phosphorylation by
promoting DUSP4 expression. Our findings may substantiate SAHA as a promising treatment for MI-induced cardiac fibrosis.
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Introduction

Cardiac fibrosis is a worldwide problem which still lack
efficacious treatment and is characterized by net accumula-
tion of extracellular matrix (ECM, mainly containing Col-
lagen 1 and Collagen 3) in myocardium [1]. Myofibroblasts
are effector cells for cardiac fibrosis and characterized by
appearance of a-smooth muscle actin (x-SMA) stress fibers
[2, 3].

Evidence indicates that p38 mitogen-activated protein
kinase (p38 MAPK) is a significant intracellular signaling
pathway involved in cardiac remodeling and maladaptive
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processes post MI [4, 5]. Activation of p38 could cause
proliferation, differentiation, secretion of collagen fibers
in myocardial fibroblasts, ultimately leading to myocardial
fibrosis [6].

Dual-specificity phosphatases (DUSPs) have recently
drawn significant attention in cardiomyopathy, especially
DUSP1 and DUSP4 [7]. Previous studies have proved
DUSP4 gene deletion promoted p38 phosphorylation in
heart tissues, while have no effect on INK or ERK1/2 [7].

Histone deacetylases (HDACSs), a class of epigenetic
modification enzymes, could cause histones to wrap DNA
more tightly and result in inhibition of gene transcription.
Recent studies have shown that activation of HDACs was
associated with pathologic cardiac remodeling and other
cardiac abnormality [8]. Zolinza®, also known as Suberoy-
lanilide hydroxamic acid (SAHA, a HDAC inhibitor), has
been proved to have anti-fibrotic effect in both bleomycin-
induced pulmonary fibrosis and chlorhexidine gluconate-
induced peritoneal fibrosis in mice [9, 10]. However, the
role SAHA and HDACI1 could play in cardiac anti-fibrotic
effect has not been elucidated.

In this study, we firstly confirmed that SAHA significantly
suppressed cardiac fibrosis and posed as a promising anti-
fibrotic reagent for treating cardiac fibrosis. We explored
whether the anti-fibrotic effect of SAHA is mediated by
stimulating DUSP4 to inactivate p38 MAPK signaling
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pathway. And we employed a well-accepted myocardial
infarction (MI) injury model and investigate on the role of
HDACI in DUSP4/p38 pathway using HDAC1 siRNA in
fibroblasts isolated from neonatal mice.

Materials and methods
Study animals and MI model constructing

Male C57BL5 mice were obtained from Charles River,
China. Mice were anesthetized with isoflurane and placed
on a heating pad (37 °C). The heart was exposed through a
left thoracotomy. For sham group, mice underwent the same
procedure without occlusion of the LAD. Mice were given
SAHA solution at concentration of 15 mg/kg [9] or equal
volume of DMSO by intraperitoneal injection once a day
after MI surgery from day 2 to 28.

Cardiac fibroblasts isolation, cell culture
and treatment with TGF-B1

Primary cardiac fibroblasts were isolated from neonatal
mouse hearts. Ventricles were isolated and washed in PBS
medium and transferred to a solution of 0.8 mg/mL colla-
genase type II (Worthington Labs) with agitation for 40 min.
The cells were collected after centrifugation and strained
through a 70-pm filter, then plated on a 10-cm dish for 1 h.

Cardiac fibroblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco, USA), supplemented
with 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM
L-glutamine, and 10% fetal calf serum, respectively. The
cells were treated with DMSO only or 5 pM SAHA, with or
without recombinant human TGF-B1 (5 ng/mL; Peprotech,
USA, 100-21) for 48 h.

Masson trichrome and Sirius red staining

On day 28 after MI surgery, mice were sacrificed and hearts
were isolated. A transverse mid-section of left ventricle (LV)
was fixed in 10% paraformaldehyde for subsequent section-
ing. The slices then were stained with hematoxylin and eosin
(H&E) or Masson or Sirius. Images were acquired using a
microscope (Olympus). Infarct tissue area and fibrosis con-
tent were quantified using ImageJ software.

Echocardiographic measurements

At the end of the 28 days treatment, echocardiography was
performed using a GE Vivid 7 Dimension System (GE
Vingmed Ultrasound, Horten, Norway) coupled with a
M12 L linear (Matrix) array ultrasound transducer probe

(5—-13 MHz). The parameters were measured according to
guidelines provided by manufacturer.

Cell viability assay

4% 103 mice cardiac fibroblasts were seeded per well in a
96-well plate. The cardiac fibroblasts viability was deter-
mined using Cell Counting Kit-8 (CCKS8) (DOJINDO,
Shanghai, China) according to the manufacturer’s instruc-
tions. CCK-8 reagent (10 pl) was added to each well and the
plates were incubated at 37 °C for 3 h. Absorbance at 450 nm
was determined with a microplate reader.

HDACT1 activity assays

HDACT activity was measured using a HDAC1 colorimet-
ric activity assay kit (GENMED SCIENTIFICS INC., USA,
GMS50082.2.1 VA) following the manufacturer’s protocol.
In brief, nuclear extracts of mouse cardiac fibroblasts were
incubated with Color de Lys substrate at 37 °C for 60 min.
Then Color de Lys developer was added to the samples and
incubated at 37 “C for 15 min. Absorbance was measured in
microplate reader measures at 405 nm. HDACT activity was
calculated using the formula according to the manufacturer’s
protocol.

Determination of a-SMA-positive cells by flow
Cytometry

Mouse cardiac fibroblasts were cultured in 6-well plates and
treated with SAHA or TGF-B1. Then cells were fixed with
4% paraformaldehyde for 15 min and permeabilized with
0.5% Triton X-100 for 20 min. After being rinsed twice with
PBS, cardiac fibroblasts were incubated with anti-a-SMA
primary antibody (1:50, Abcam, ab124964) overnight at
4 °C. After being washed twice with PBS, cells were then
incubated with Goat polyclonal Secondary Antibody to
Rabbit [gG—H&L (Alexa Fluor® 594) (1:2000, Abcam,
ab150080) for 2 h at 37 °C. After washing twice with PBS,
cells were resuspended in 500 pl PBS and analyzed by flow
cytometer (BD Biosciences, San Jose, USA). Cardiac fibro-
blasts stained with Alexa Fluor® 594 were a-SMA-positive
cells.

Cell transfection

Mouse cardiac fibroblasts were seeded and cultured in com-
plete medium in 6-well plates. When cells reached 50-60%
confluence, small interfering RNA (siRNA) oligonucleotides
against DUSP4, HDAC1 (RIBOBIO, China) were trans-
fected into mouse cardiac fibroblasts using Lipofectamine
Max (Thermo Fisher Scientific, Inc.) in Opti—MEM®
Reduced Serum Medium (Thermo Fisher Scientifc, Inc.).
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Western Blotting

Proteins were extracted from cells or heart tissue samples.
Protein concentrations were measured with the BCA assay
(Beyotime, China). 25 pg lysate samples were separated
on NuPage 4-12% Bis—Tris Gels (Novex, Life Technolo-
gies, CA, USA). The primary antibodies of TGF-beta 1
(1:1000; ab92486), HDAC1 (1:1000; ab109411), DUSP4
(1:1000, ab216576), P38 (1:1,000; ab170099), Phospho-
P38 (1:1,000; ab195049) were purchased from Abcam.
Histone H3 (1:1000, 97158S), Acetyl-Histone H3 (1:1000;
8173S), were purchased from Cell Signaling Technology.
The secondary antibodies (1:5000) were purchased from
Zhongshanjingiao.

Quantitative real-time PCR (qRT-PCR) for gene
expression

Total RNA was extracted using TRIzol reagent followed by
a RNA purification kit (Cat. 12183018A, ThermoFisher Sci-
entific, Pittsburgh, PA) and DNase kit (Qiagen Inc., Valen-
cia, CA). RNA (1 pg) was reverse transcribed to cDNA using
RT2 First Strand Kit (Qiagen Inc., CA, USA) and then quan-
tified by qRT-PCR (BIO-RAD, Cat. 1,725,124, USA). The
primers are as following:

DUSP4, F 5’- CGTGCGCTGCAATACCATC—3’,R 5’-
CTCATAGCCACCTTTAAGCAGG—3’;

Collal, F 5’-GCTCCTCTTAGGGGCCACT-3’, R
5’-CCACGTCTCACCATTGGGG- 37;

Col3al, F 5’-CTGTAACATGGAAACTGGGGAAA-3’,
R 5’-CATAGCTGAACTGAAAACCACC-3’;

a-SMA,F 5’-GTCCCAGACATCAGGGAGTAA- 3", R
5’-TCGGATACTTCAGCGTCAGGA- 3’;

GAPDH, F 5’-AGGTCGGTGTGAACGGATTTG-3’ R
5’-TGTAGACCATGTAGTTGAGGTCA-3’

Statistical analysis

Continuous data are expressed as mean + SD. To test if it
is statistically significant different between two groups, we
used the unpaired two tailed Student’s t test. To test if it is
statistically significant different between multiple compari-
sons we used one-way ANOVA with Bonferroni correction.
GraphPad Prism 7.0 statistical software was used to analyze
the data. Significance was accepted at P <0.05.

Results
SAHA improved Ml-induced cardiac fibrosis in mice

To investigate into the role of SAHA in MI, myocardial
MI was performed on C57BL6 mice followed by SAHA
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treatment. Cardiac function deteriorated after MI surgery,
as LVEF (71.4+£5.9% vs. 29.9+3.2%, p<0.05) and LVFS
(40.2+5.0% vs. 14.0+1.7%, p <0.05) decreased compared
to sham group. However, both LVEF and LVFS were signifi-
cantly improved after treatment of SAHA. LV internal diam-
eter in systole (LVDs) was increased in MI+DMSO group
compared with sham (4.00 +£0.44 mm vs. 2.16 +0.34 mm,
p <0.05) and decreased significantly to 3.34 +0.43 mm in
MI +SAHA group (Fig. 1a).

To further test the effect of SAHA on cardiac fibrosis, we
used Masson Trichrome and Sirius Red staining to test fibro-
sis area on Sham, MI+DMSO and MI+ SAHA mice groups.
Masson Trichrome staining showed MI surgery caused obvi-
ous cardiac remodeling while SAHA treatment reduced
myocardial infarction area compared with MI+DMSO
group (Fig. 1b). Sirius Red staining further revealed that
the collagen deposition increased in MI+DMSO group
in non-infarcted zone (12.5+4.0% in MI+ DMSO group
vs. 1.6 £0.6% in sham group, p <0.05) compared to sham
group. And the collagen deposition obviously decreased
in MI+ SAHA group compared with MI+DMSO group
(Fig. 1b). Besides, we also found that infarct length/ total
cross-sectional left heart length (IL/TL) and NICR(collage
ratio in non-infarct area) decreased after SAHA treatment
compared with MI+DMSO group (Fig. 1c¢).Taken together,
these data indicated that SAHA could attenuate MI-induced
cardiac dysfunction and cardiac fibrosis.

SAHA prevented Mi-induced P38 phosphorylation
and ECM generation

To further investigate on the mechanism of cardiac func-
tion improvement by SAHA, we used western blotting to
detect protein expression of Acetyl-Histone H3 (Ac-H3),
DUSP4, TGF-B1 and Phospho-P38 (p-p38) in mice heart
tissues. The protein level of Histone H3 (H3) had no obvi-
ous changes between groups. However, Ac-H3 decreased in
mice post MI compared with sham group (0.41 +0.12 vs.
1.00+0.23, p<0.05) while SAHA treatment significantly
increased Ac-H3 expression in MI mice. Besides, the pro-
tein level of TGF-PB1 was significantly increased after MI
and there was no obvious difference between MI+DMSO
and MI+SAHA group. DUSP4 expression level decreased
in MI mice and SAHA treatment significantly increased its
expression compared to MI+DMSO group, (0.30+0.05 in
MI+DMSO group vs. 0.64+0.10 in MI+SAHA group,
p <0.05). Besides, the p38 phosphorylation level was sig-
nificantly increased in MI+DMSO group compared with
Sham group, while SAHA significantly reduced the level of
p-p38 (2.50+0.38 in MI+DMSO group vs. 1.69+0.24 in
MI + SAHA group, p <0.05) (Fig. 2a, b).

Furthermore, we detected mRNA expression level in
heart tissues to investigate on downstream genes of TGF-p1/
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Fig.1 Treatment of SAHA improved cardiac function in mice
after MI a Echocardiographic analysis of sham mice, MI+DMSO
mice and MI+SAHA mice. LVEF (left ventricular eject fraction),
LVFS(left ventricular fractional shortening), AWTd (left ventricular
anterior wall thickness in diastole), AWTs(left ventricular anterior
wall thickness in systole), LVDd(left ventricular diameter in dias-
tole) and LVDs(left ventricular diameter in systole) were calculated
according to the guidelines. N=12 for all groups. One-way ANOVA
with Tukey’s post-hoc multiple-group comparisons was used in sta-

p38 pathway, including Collagen 1 (Coll), Collagen 3(Col3)
and a-SMA. qRT-PCR results showed MI exposure greatly
increased the expression of Colla, Col3a and a-SMA mRNA
while SAHA treatment significantly reduced the expression
level of Coll, Col3 and a-SMA mRNA in mice post MI
(Fig. 2¢). These data demonstrated that SAHA could attenu-
ate fibroblasts genesis and ECM deposition induced by MI.
Besides, DUSP4 mRNA level obviously decreased after MI
surgery (0.25+0.05 in MI+ DMSO group vs. 1.00+0.05 in
sham group, p <0.05) and increased after SAHA treatment
in MI mice (0.46 +0.03 in MI+ SAHA group vs. 0.25+0.05
in MI+DMSO group) (Fig. 2¢). This gave us a clue that
increased DUSP4 expression may contribute to reduced
phosphorylation of p38 in MI mice with SAHA treatment.
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tistical analysis *p<0.05 vs. Sham, #p<0.05 vs. MI+DMSO. b
Myocardial infarction size assessed by Masson staining and Sirius
Red. ¢ IL(infarction length)/TL(total cross-sectional left heart length)
and NICR(collage ratio in non-infarct area) were analyzed. Unpaired
two tailed student’s t test comparison was used for statistical analy-
sis. Bar graphs show group means+SD. N=6 for each group. One-
way ANOVA with Tukey’s post-hoc multiple-group comparisons
was used in statistical analysis *p<0.05 vs. Sham, #p<0.05 vs.
MI+DMSO.

SAHA could inhibit TGF-B1/P38 pathway in cardiac
fibroblasts

To further test the impact of SAHA treatment on TGF-1/
P38 pathway, cardiac fibroblasts isolated from neonatal mice
were pretreated with TGF-f1 (5 ng/mL) and then rescued
with SAHA (5 pM). Western blotting results showed that
TGF-B1 can significantly reduce Ac-H3 and DUSP4 protein
levels compared with control group. Meanwhile, the phos-
phorylation of p38 in cardiac fibroblasts was significantly
increased with TGF-f1 treatment compared with control
group (2.20+0.19 in TGF+DMAO group vs. 1.00+0.13
in control group, p <0.05). Compared with TGF+DMSO
group, TGF+ SAHA treatment significantly increased the

@ Springer



156 Heart and Vessels (2022) 37:152-160
-p38 1 p38
A B .20 AcHa] s 25 TGF-1/ GAPDH 1s DU SPAYGARCH - S 4
= z z G *
® @ 20 * ] €3
sh. £ 15 *# £ * £ S
am MI+DMSO  MI+SAHA ko S 810 €
£ 10 E# E *# = *#
@ 2 10 2 =
® 3 05 S &
o '3 o
Hs o o o ’ & o v
& o v & o ¥ o &
~~—t 1 & &N P O L
TGF-B1 - ) e O 2 ®) ) 2 & &
— ~ ~ N ~ & ~ S ~
P38 e e — —
p-p -— — C - % % - 15
P38—______—| < ® x < g s * S
= z 24 4 @ 10
GAPDH £ £ ¥ Eo £
= 4 # ] s P *#
S 3 F % 05
o 2 é 5 # g *
[ 0 0 0.0
& o ¥ & & s & o (s & o
,;o" o“fo 6‘& B ‘o“ :)v. éo 0‘{7 ev;b o}@ Q‘{o 6‘33'

Fig.2 Treatment of SAHA reversed effect of P38 activation and
ECM generation induced by MI in mice a Protein level of Ac-H3,
DUSP4, TGF-p1 and p-p38 analyzed by Western blotting in each
group of heart tissue. bThe intensity of the blots for DUSP4, Ac-H3/
H3, TGF-p1 and p-p38/p38, standardized by GAPDH. ¢ Expression

of Colla, Col3a, a-SMA and DUSP4mRNA in heart tissue analyzed
by qRT-PCR. N=6 for each group. One-way ANOVA with Tukey’s
post-hoc multiple-group comparisons was used for statistical analy-
sis. *p<0.05 vs. Sham, #p <0.05 vs. MI4+DMSO. Bar graphs show
group mean+SD.
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Fig.3 SAHA treatment could inhibit TGF-p1-induced cell prolifera-
tion expression, P38 phosphorylation and ECM generation in cardiac
fibroblasts a Protein level of Acetyl-Histone H3, DUSP4, TGF-f1
and p-p38 analyzed by Western blotting in fibroblasts. b Intensity
of the blots for Ac-H3/H3, DUSP4, and p-p38/p38standardized by
GAPDH; ¢ Expression of Colla, Col3a, a-SMA and DUSP4 mRNA
in fibroblasts analyzed by qRT-PCR; N=4 for each group. One-way
ANOVA with Tukey’s post-hoc multiple-group comparisons was
used for statistical analysis. *p <0.05 vs. control, #p <0.05 vs. only
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SAHA, ap<0.05 vs. TGF+DMSO group. d Cell viability changes
induced by SAHA for cardiac fibroblasts analyzed by CCK-8 assay.
e HDACI activity changes induced by SAHA for cardiac fibroblasts
analyzed by Results was expressed as percentage of activity com-
pared to control group (no TGF- f1 and no SAHA). N=4 for each
group. One-way ANOVA with Tukey’s post-hoc multiple-group
comparisons was used for statistical analysis. *p<0.05 vs. Sham,
#p <0.05 vs. only SAHA group.
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level of Ac-H3 and DUSP4, while significantly decreased
ratio of p-p38/p38 (1.49+0.21 in TGF+ SAHA group vs.
2.20+0.19 in TGF + DMSO group, p <0.05) (Fig. 3a, b).
There was no significant difference in DUSP4 and p-p38
between control and SAHA group.

Next, we detected Coll, Col3 and a-SMA mRNA levels
in fibroblasts. qRT-PCR results showed that SAHA blocked
TGF-pB1-induced overexpression of Coll and Col3 mRNA
expression. Besides, TGF-f1 promoted a-SMA mRNA
expression while SAHA significantly reduced a-SMA
mRNA. And the reduction of DUSP4 mRNA induced by
TGF-B1 was reversed by SAHA treatment (0.75+0.05 in
TGF+ SAHA group vs. 0.24 +0.03 in TGF+DMSO group,
p<0.05) (Fig. 3c).

CCK-8 assay was used to detect the effect of SAHA on
fibroblasts. Results showed that 10 uM SAHA decreased
cell viability to 80.00 +£4.55% (P <0.05). However, 0.05,
0.1, 0.5,1 and 5 pM showed no detectable toxicity. Thus, we
used 5 utM SAHA for the following detection. Cardiac fibro-
blasts were divided into four groups: control, SAHA group,
TGF+ DMSO group and TGF + SAHA group. Results
showed that the cell density increased much slower in
TGF + SAHA group than in TGF + DMSO group (Fig. 3d).
There is no obvious difference between control and SAHA
group. These data demonstrated TGF-f1-induced prolifera-
tive process of cardiac fibroblasts was inhibited by SAHA.

Then we measured HDACI activity in TGF-p1-treated
(5 ng/ml, 72 h) myocardial fibroblasts. TGF-p1 significantly
increased HDACI activity (Fig. 3e) in a time-dependent
manner, as HDACI activity was significantly higher at 48 h
than 24 h. Then cardiac fibroblasts were divided into four
groups: control, SAHA group, TGF + DMSO group and
TGF + SAHA group. HDACI1 activity in TGF +DMSO
group is much higher than in control group and SAHA treat-
ment significantly reduced HDACI activity (235.5+15.3%
in TGF +DMSO group vs. 138.6 +7.3% in TGF+ SAHA
group). These data demonstrated that SAHA treatment could
inhibit TGF-p1-induced HDACI activity.

SAHA inhibited TGF-B1/P38 pathway in cardiac
fibroblasts by upregulating DUSP4

The conversion of myocardial fibroblasts to myofibroblasts
is essential in the process of myocardial fibrosis [11]. a-SMA
is an important marker of this differentiation process [12].
Flow cytometry was used to detect differentiation of cardiac
fibroblasts after SAHA treatment. Results showed that the
proportions of a-SMA-positive cells were much higher in
TGF + DMSO group compared with control group. SAHA
treatment significantly reduced the proportion of myofibro-
blasts induced by TGF-p1 (39.9+3.7% in TGF +DMSO
group vs. 24.4+5.9% in TGF+ SAHA group, p <0.05)

(Fig. 4a). No difference was observed in proportion of
myofibroblasts between control and SAHA group.

Then we detected the protein and mRNA level in SAHA
treated fibroblasts. As shown in Fig. 4b, SAHA can upreg-
ulate DUSP4 and down-regulate p-p38 expression. Small
interfering RNA (siRNA) oligonucleotides against DUSP4
was used to knockdown DUSP4 expression. We found that
DUSP-si reversed the reduction of p38 phosphorylation
by SAHA (p-p38, 2.32+0.24 in TGF + SAHA + DUSP4-
si group vs. 1.68 +0.14 in TGF+ SAHA group, P <0.05)
(Fig. 4b, ¢). qRT-PCR results showed that SAHA blocked
TGF-B1-induced overexpression in colla, col3a, a-SMA.
And these mRNA levels were significantly reversed by
siRNA against DUSP4 (Fig. 4d).

Furthermore, results of flow cytometry depicted
that SAHA significantly suppressed the proportion of
a-SMA-positive cells in TGF + SAHA, compared with the
TGF+ DMSO group. And this effect was significantly abro-
gated by DUSP-si (21.35+2.34% in TGF + SAHA group
vs. 45.63 +6.73% in the TGF + SAHA + DUSP4-si group,
P <0.05; Fig. 4e).

To investigate into whether the increased expression of
DUSP4 is related to HDAC1, we used HDACI1-si to knock
down HDAC1 mRNA in cardiac fibroblasts, then DUSP4,
p-p38 protein levels were analyzed in TGF-p1 treated cells.
Compared with TGF + NC group, DUSP4 protein expres-
sion was significantly increased in TGF + HDACI-si group
(0.68 +0.05 in TGF+ HDACI1-si group vs. 0.38 +0.06 in
TGF + NC group, P <0.05). Besides, increased p38 phos-
phorylation level induced by TGF-B1 was abolished by
HDAC-si (2.05+0.14 in TGF+NC group vs. 1.47+0.12
in TGF + HDACI1-si group, P <0.05) (Fig. 4f, g).

Discussion

Excessive fibrous tissue proliferation after injury can lead
to myocardial fibrosis, resulting in impaired heart function
and heart failure [13, 14]. Effective treatment to inhibit myo-
cardial fibrosis after myocardial infarction are of significant
importance.

Previous studies have shown HDAC inhibition had anti-
fibrotic effect in various diseases, including renal fibrosis
[15], pulmonary Fibrosis [8, 16] and liver fibrosis [17].
However, whether SAHA, as a broad-spectrum histone dea-
cetylase inhibitor, can reduce myocardial fibrosis has not
been well understood. In this study, we firstly focused on
the effect and mechanism of SAHA on MI-induced cardiac
fibrosis. Then we proved that SAHA could reduce infarction
area in MI model mice.

SAHA, as a HDAC inhibitor, could increase the accu-
mulation of hyperacetylated histones H3, directly influenc-
ing chromatin structure and, thereby, the relationship of the
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means +SD. N=4 for each group. b Protein level of DUSP4 and
p-p38 analyzed by Western blotting in each group in fibroblasts.
¢ Intensity of the blots for DUSP4 and p-p38/p38standardized by
GAPDH; d Expression of Colla, Col3a, a-SMA and DUSP4 mRNA
in fibroblasts analyzed by qRT-PCR. One-way ANOVA with Tukey’s
post-hoc multiple-group comparisons was used for statistical analy-
sis. *p<0.05 vs. control, #p<0.05 vs. only SAHA, ap<0.05 vs.

nucleosome and the gene promoter elements [18]. Histone
acetylation reduces the binding between histones and DNA,
leading to a more open structure which is more accessible to
the transcriptional machinery. In our study, TGF-p1 reduced
Ac-H3 and DUSP4 protein levels while SAHA treatment
could significantly reverse the level of Ac-H3 and DUSP4,
indicating that SAHA could reverse TGF-f induced low
acetylation level.

Various evidence demonstrated the important role of
p38 MAPK played in cardiac fibrosis [6]. The p38 pathway
is important for upregulating the expression of specific
proteins in cardiac fibroblasts, including matrix metallo-
proteinases (MMPs), a-smooth muscle action (a-SMA)
[19-21]. Thus inhibiting p38 pathway may therefore be
a potential therapy to ameliorate MI-induced myocardial
remodeling [22]. Our study proved that the p-p38/p38
ratio increased in mice hearts post MI, while SAHA sig-
nificantly suppressed the process. Besides, SAHA could
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TGF+DMSO group. pp<0.05 vs. TGF+SAHA +DUSP4-si group;
NC: siRNA negative control. e a-SMA expression and o-SMA-
positive rate in fibroblasts analyzed by flow cytometry in each group.
Bar graphs show group means+SD. f Protein level of HDACI,
DUSP4 and p-p38 analyzed by Western blotting in each group in
fibroblasts. g Intensity of the blots for HDACI1, DUSP4 and p-p38/
p38standardized by GAPDH. N =4 for each group. One-way ANOVA
with Tukey’s post-hoc multiple-group comparisons was used for sta-
tistical analysis. *p <0.05 vs. control, #p <0.05 vs. TGF, ap <0.05 vs.
TGF +HDACI-si; NC: siRNA negative control.

inhibit the increase of p38/p38 levels after treating with
TGF-p1. The expression of DUSP4 was significantly up-
regulated after SAHA treatment in mice myocardial tis-
sues post MI. Multiple studies have shown that activating
DUSPs can inhibit cardiac remodeling and cardiac fibro-
sis [23-25]. DUSP4 degradation promoted p38 activation,
leading to renal fibrosis [26] and endometrial fibrosis [27].
Our studies revealed that anti-fibrotic effects of SAHA on
cardiac fibroblasts were largely abolished by transfection
with siRNA against DUSP4, indicating that DUSP4 could
mediate anti-fibrotic process of SAHA on mice cardiac
fibroblasts.

Taken together, this study may be the first report of posi-
tive regulation of DUSP4 by SAHA in cardiac fibrosis. By
promoting the expression of DUSP4, SAHA could block
TGF-p1/p38 signaling, thus inhibiting myofibroblast forma-
tion and cardiac fibrosis, suggesting that SAHA could be
a promising anti-fibrotic reagent. However, more detailed
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mechanisms on how HDAC1 mediates DUSP4 expression
remains to be explored in the future.

Funding This work was supported by National Natural Science Foun-
dation of China (No. 81825003 and No. 91957123), CAMS Innovation
Fund for Medical Sciences (CIFMS 2016-12M-1-009) and National
key research and development program (2020YFC2004700).

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All animal experiments complied with the ARRIVE
guidelines and were carried out in accordance with the National Insti-
tutes of Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Leask A (2015) Getting to the heart of the matter: new insights
into cardiac fibrosis. Circ Res 116(7):1269-1276

2. Lin CY, Hsu YJ, Hsu SC, Chen Y, Lee HS, Lin SH (2015) CB1
cannibalised receptor antagonist attenuates left ventricular hyper-
trophy and Akt-mediated cardiac fibrosis in experimental uremia.
J Mol Cell Cardiol 85:249-261

3. Tao X, Fan J, Kao G, Zhang X, Su L, Yin Y (2014) Angioten-
sin-(1-7) attenuates angiotensin II-induced signalling associated
with activation of a tyrosine phosphatase in Sprague-Dawley rats
cardiac fibroblasts. Biol Cell 106(6):182—-192

4. Krishna M, Narang H (2008) The complexity of mitogen-acti-
vated protein kinases (MAPKs) made simple. Cell Mol Life Sci
65(22):3525-3544

5. Cook SA, Sugden PH, Clerk A (1999) Activation of c-Jun
N-terminal kinases and p38-mitogen-activated protein kinases in
human heart failure secondary to ischaemic heart disease. J Mol
Cell Cardiol 31(8):1429-1434

6. Turner NA, Blythe NM (2019) Cardiac fibroblast p38 MAPK: A
critical regulator of myocardial remodeling. J Cardiovasc Dev Dis
6(3):27

7. Auger-Messier M, Accornero F, Goonasekera SA, Bueno OF,
Lorenz JN, Berlo JH, v, Willette RN, Molkentin JD (2013) Unre-
strained p38 MAPK activation in Dusp1/4 double-null mice
induces cardiomyopathy. Circ Res 112(1):48-56

8. Rao SS, Zhang XY, Shi MJ, Xiao Y, Zhang YY, Wang YY, Zhang
CZ, Shao SJ, Liu XM, Guo B (2016) Suberoylanilide hydroxamic

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

acid attenuates paraquat-induced pulmonary fibrosis by preventing
Smad7 from deacetylation in rats. J Thorac Dis 8(9):2485-2494

Marks PA, Breslow R (2007) Dimethyl sulfoxide to vorinostat:
development of this histone deacetylase inhibitor as an anticancer
drug. Nat Biotechnol 25(1):84-90

Zhang X, Liu H, Hock T (2013) Histone deacetylase inhibition
downregulates collagen 3A1 in fbrotic lung fbroblasts. Int J Mol
Sci 14(10):19605-19617

Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC
(2016) Cardiac fibrosis: the fibroblast awakens. Circ Res
118(6):1021-1040

Santiago J-J, Dangerfield AL, Rattan SG, Bathe KL, Cunnington
RH, Raizman JE, Bedosky KM, Freed DH, Kardami E, Dixon
IMC (2010) Cardiac fibroblast to myofibroblast differentiation
in vivo and in vitro: expression of focal adhesion components
in neonatal and adult rat ventricular myofibroblasts. Dev Dyn
239(6):1573-1584

Talman V, Ruskoaho H (2016) Cardiac fibrosis in myocardial
infarction-from repair and remodeling to regeneration. Cell Tis-
sue Res 365(3):563-581

Tao H, Yang JJ, Shi KH (2015) Non-coding RNAs as direct and
indirect modulators of epigenetic mechanism regulation of cardiac
fibrosis. Expert Opin Ther Targets 19(5):707-716

Liu N, He S, Ma L, Ponnusamy M, Tang J, Tolbert E, Bayliss G,
Zhao TC, Yan H, Zhuang S (2013) Blocking the class I histone
deacetylase ameliorates renal fibrosis and inhibits renal fibroblast
activation via modulating TGF-beta and EGFR signaling. PLoS
ONE 8(1):e54001

Wang Z, Chen C, Finger SN, Kwajah S, Jung M, Schwarz H,
Swanson N, Lareu FF, Raghunath M (2009) Suberoylanilide
hydroxamic acid: a potential epigenetic therapeutic agent for lung
fibrosis? Eur Respir J 34(1):145-155

Ramzy MM, Abdelghany HM, Zenhom NM, El-Tahawy NF
(2018) Effect of histone deacetylase inhibitor on epithelial-mes-
enchymal transition of liver fibrosis. [UBMB Life 70(6):511-518
Mishra N, Reilly CM, Brown DR, Ruiz P, Gilkeson GS (2003)
Histone deacetylase inhibitors modulate renal disease in the MRL-
Ipr/lpr mouse. J Clin Invest 111(4):539-552

Turner NA (2011) Therapeutic regulation of cardiac fibroblast
function: targeting stress-activated protein kinase pathways.
Future Cardiol 7(5):673-691

See F, Thomas W, Way K, Tzanidis A, Kompa A, Lewis D, Itescu
S, Krum H (2004) p38 mitogen-activated protein kinase inhibition
improves cardiac function and attenuates left ventricular remod-
eling following myocardial infarction in the rat. ] Am Coll Cardiol
44(8):1679-1689

Tang M, Zhong M, Shang Y, Lin H, Deng J, Jiang H, Lu H, Zhang
Y, Zhang W (2008) Differential regulation of collagen types I
and III expression in cardiac fibroblasts by AGEs through TRB3/
MAPK signaling pathway. Cell Mol Life Sci 65(18):2924-2932

Marber MS, Rose B, Wang Y (2011) The p38 mitogen-activated
protein kinase pathway—a potential target for intervention in
infarction, hypertrophy, and heart failure. J Mol Cell Cardiol
51(4):485-490

Li W-M, Zhao Y-F, Zhu G-F, Peng W-H, Zhu M-Y, Yu X-J, Chen
W, Xu D-C, Xu Y-W (2017) Dual specific phosphatase 12 ame-
liorates cardiac hypertrophy in response to pressure overload. Clin
Sci (Lond) 131(2):141-154

Valente AJ, Yoshida T, Gardner JD, Somanna N, Delafontaine
P, Chandrasekar B (2012) Interleukin-17A stimulates cardiac
fibroblast proliferation and migration via negative regulation of
the dual-specificity phosphatase MKP-1/DUSP-1. Cell Signal
24(2):560-568

McCollum LT, Gallagher PE, Tallant EA (2012) Angioten-
sin-(1-7) attenuates angiotensin II-induced cardiac remodeling

@ Springer


http://creativecommons.org/licenses/by/4.0/

160

Heart and Vessels (2022) 37:152-160

associated with upregulation of dual-specificity phosphatase 1.
Am J Physiol Heart Circ Physiol 302(3):H801-810

26. Denhez B, Rousseau M, Dancosst D-A, Lizotte F, Guay A,
Auger-Messier M, Coté AM, Geraldes P (2019) Diabetes-induced
DUSP4 reduction promotes podocyte dysfunction and progression
of diabetic nephropathy. Diabetes 68(5):1026-1039

27. Zhao G, Li R, Cao Y, Song M, Jiang P, Wu Q, Zhou Z, Zhu H,
Wang H, Dai C, Liu D, Yao S, Lv H, Wang L, Dai J, Zhou Y,
Hu Y (2020) ANp63a-induced DUSP4/GSK3p/SNAII pathway

@ Springer

in epithelial cells drives endometrial fibrosis. Cell Death Dis
11(6):449

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	SAHA could inhibit TGF-β1p38 pathway in MI-induced cardiac fibrosis through DUSP4 overexpression
	Abstract
	Introduction
	Materials and methods
	Study animals and MI model constructing
	Cardiac fibroblasts isolation, cell culture and treatment with TGF-β1
	Masson trichrome and Sirius red staining
	Echocardiographic measurements
	Cell viability assay
	HDAC1 activity assays
	Determination of α-SMA-positive cells by flow Cytometry
	Cell transfection
	Western Blotting
	Quantitative real-time PCR (qRT-PCR) for gene expression
	Statistical analysis

	Results
	SAHA improved MI-induced cardiac fibrosis in mice
	SAHA prevented MI-induced P38 phosphorylation and ECM generation
	SAHA could inhibit TGF-β1P38 pathway in cardiac fibroblasts
	SAHA inhibited TGF-β1P38 pathway in cardiac fibroblasts by upregulating DUSP4

	Discussion
	References




