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Abstract

Background: Rheumatic heart disease (RHD), which is caused mainly by Group A Streptococcus, leads to fibrotic damage to heart
valves. Recently, endothelial‒mesenchymal transition (EndMT), in which activin plays an important role, has been shown to be an
important factor in RHD valvular injury. However, the mechanism of activin activity and EndMT in RHD valvular injury is not clear.
Methods: Our study was divided into two parts: in vivo and in vitro. We constructed a small interfering RNA (ACVR2A-siRNA)
by silencing activin receptor type IIA (ACVR2A) and an adeno-associated virus (AAV-ACVR2A) containing a sequence that silenced
ACVR2A. The EndMT cell model was established via human umbilical vein endothelial cells (HUVECs), and the RHD animal model
was established via female Lewis rats. ACVR2A-siRNA and AAV-ACVR2A were used in the above experiments. Results: EndMT
occurred in the valvular tissues of RHD rats, and activin and its associated intranuclear transcription factors were also activated during this
process, with inflammatory infiltration and fibrotic damage also occurring in the valvular tissues. After inhibition of ACVR2A, EndMT in
valvular tissues was also inhibited, and inflammatory infiltration and fibrosis were reduced. Endothelial cell experiments suggested that
mesenchymal transition could be stimulated by activin and that inhibition of ACVR2A attenuated mesenchymal transition. Conclusions:
Activin plays an important role in signal transduction during EndMT after activation, and inhibition of ACVR2A may attenuate RHD
valvular damage by mediating EndMT. Targeting ACVR2A may be a therapeutic strategy to alleviate RHD valvular injury.
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1. Introduction

Rheumatic heart disease (RHD) is an immune-
mediated disease triggered by group A streptococcal (GAS)
bacteria [1]. Although the worldwide prevalence of RHD
has decreased in low- and middle-income countries, this
disease remains a major public health challenge, pre-
dominantly affecting younger people, including children,
teenagers, and young adults, in these regions [2,3]. Glob-
ally, the number of RHD patients has surpassed a quarter of
the total number of cancer patients, and according to rele-
vant data, the number of RHD-related deaths is as high as
250,000 annually [4]. RHD typically results in damage to
valves, and almost all cases of heart valvular damage caused
by RHD involve themitral valve [5]. The pathogenic mech-
anism of RHD and methods for preventing and treating
RHD have not been fully elucidated in the last decade of
research [6]. Patients with rheumatic mitral valvular dys-
function may undergo surgical repair [7]. However, the
adverse effects and complications associated with valvu-
lar surgery are far-reaching [8]. Thus, the identification of

novel therapeutic approaches and related targets for treating
RHD valvular injury is urgently needed.

The mitral valve consists of two layers of endothe-
lial cells closely covering connective tissue. If the mi-
tral valve is damaged, the endothelial cells become irri-
tated and inflamed, and when the connective tissue is in-
volved, a fibrotic scar can form that is directly associated
with valvular disease [9]. Endothelial–mesenchymal tran-
sition (EndMT), which is linked to endothelial damage, in-
volves the transformation of endothelial cells from their
characteristic state (expressing vascular endothelial (VE)-
cadherin and platelet endothelial cell adhesion molecule-
1 (PECAM-1/CD31)) to a mesenchymal phenotype (ex-
pressing α-smooth muscle actin (α-SMA) and vimentin)
[10,11]. EndMT is necessary for normal heart valvular de-
velopment. However, under pathological conditions, this
process can lead to valvular dysfunction and promote the
development of cardiac valvular fibrosis [12,13]. EndMT
begins in response to external signals and is usually initi-
ated by transforming growth factor-β (TGF-β) [14], which
has been shown to be a potent inducer of EndMT [15]. The
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TGF-β pathway is important for regulating EndMT, and the
key factors involved in this pathway are activin, Smad fam-
ily member 2 (Smad2) and Smad3 [16]. Endothelial cell
damage can be effectively reduced by inhibiting the path-
ways associated with the initiation of EndMT [17,18].

Activin belongs to the TGF-β subfamily and has a
similar mode of expression to that of TGF-β during sig-
nal transduction [19]. During signaling in cells, activin
and activin receptor type II (ACVR2) form a complex at
the cell membrane before binding to activin receptor type
I (ACVR1) as the ACVR2-activin-ACVR1 complex. The
complex then becomes a loading station for Smad2/3 [20,
21]. Smad2/3 undergo phosphorylation at the Ser residue
of the C-terminal structural domain and bind to Smad4
[22–24]. Upon penetration into the cell nucleus, the Smad
component triggers the activation of intranuclear transcrip-
tion factors linked to EndMT, including lymphoid enhancer
factor-1 (LEF-1), snail family transcriptional repressor 1
(Snail1), transcription factor twist family basic helix-loop-
helix (bHLH) transcription factor 1 (TWIST), zinc finger
E-box-binding homeobox (ZEB) 1 and ZEB2 [25–29]. Pre-
vious research has indicated that the phosphorylation of
Smad2 and Smad3 is important in the EndMT process,
which regulates cardiac fibrosis [30,31]. Furthermore, a re-
cent investigation revealed that both the activin/Smad2/3
pathway and EndMT are associated with RHD valvular in-
jury [32]. However, these studies did not elucidate the
mechanism underlying the interaction between activin and
EndMT in RHD valvular injury.

Activin is able to bind strongly to activin receptor type
II, which includes activin receptor type IIA (ACVR2A) and
activin receptor type IIB (ACVR2B) [33]. In recent years,
ACVR2A has receivedmuch attention in the study of antifi-
brosis and mesenchymal transition [34,35]. To gain insight
into the relevance and mechanism of action of activin and
EndMT in RHD valvular injury, the present study was con-
ducted in vivo and in vitro by silencing ACVR2A. In our
in vitro study, we chose human umbilical vein endothelial
cells (HUVECs) as our study subjects, and we evaluated the
role of activin in the mesenchymal transition of HUVECs
via the use of recombinant proteins. Moreover, we con-
structed a small interfering RNA (ACVR2A-siRNA) that
silenced ACVR2A and applied it to a cell model of EndMT
to explore its effect. In our in vivo studies, we constructed
an adeno-associated virus (AAV-siACVR2A) loaded with
silenced ACVR2A sequences, applied it to an animal model
of RHD established in female Lewis rats, and explored the
role of AAV-siACVR2A by evaluating the valvular organi-
zation of the animal model.

This study contributes to the understanding of the spe-
cific pathogenic mechanisms of RHD valvular injury and
provides a useful reference for the prevention and treatment
of RHD valvular injury.

2. Materials and Methods
2.1 Preparation of Antigen

Group A Streptococcus (GAS, American Type Cul-
ture Collection) was grown in brain-heart culture medium
(024053, Guangdong Huankai Microbial Technology Co.,
Ltd., Guangdong, China) at a steady temperature of 37
°C. After 24 hours, the GAS bacteria were rinsed with
normal saline (NS) and then inactivated by immersion in
4% paraformaldehyde (P1110, Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China). After inactivation,
the GAS bacteria were rinsed and placed in NS at a con-
centration of 4.0 × 1011 CFU/mL [36]. The GAS bacteria
were emulsified at the time of administration via a sonicator
(VCX130, Sonics & Materials, Inc, Newtown, CT, USA).

2.2 Experimental Animals
Twenty-four healthy female Lewis rats, aged 10

weeks, were obtained from Beijing Viton Lihua Laboratory
Animal Technology Co., Ltd. (Beijing, China). The rats
weighed between 160 and 180 g. The rats were kept in a
laboratory at Guangxi Medical University’s Animal Exper-
iment Center, which is a specific pathogen-free (SPF) room.
The temperature was maintained at 23 ± 2 °C, with a 12–
hour cycle alternating between light and darkness. Prior
to the start of the experiment, the rats were allowed to ac-
climate to the novel environment for one week. The rats
were granted unrestricted mobility within their enclosures
and were supplied with adequate drinking water and stan-
dardized rat chow. The research followed ethical standards
for the care and use of laboratory animals. This study was
approved by the Ethics Committee of the First Affiliated
Hospital of Guangxi Medical University (Approval Num-
ber: 202209145).

2.3 In Vivo Gene Therapy
The experimental rats were pretreated with a

recombinant adeno-associated virus (AAV) vector (AAV-
siACVR2A; Hanheng Biotechnology (Shanghai) Co.,
Ltd., Shanghai, China) carrying the ACVR2A-siRNA
sequence. To analyze the possible effects of the AAV
vector on the rats, a negative control group (AAV-control
group) was also established in which the rats were
pretreated with AAV without the target sequence. The
siRNA sequence of the ACVR2A target gene was 5′-
GGAAGTTGTTGTGCATAAA-3′. The ACVR2A target
gene shRNA sequences were as follows: top strand, 5′-
AATTCGGAAGTTGTTGTGCATAAACTCGAGTTTATG
CACAACAACTTCCTTTTTTG-3′; and bottom strand, 5′-
GATCCAAAAGGAAGTTGTTGTGCATAAACTCGAGT
TTATGCACAACAACTTCCG-3′.

2.4 Groups and Treatments
The rats were arbitrarily grouped into four groups (6

rats/group): the control group, RHD group, RHD+AAV-
control group (hereinafter referred to as the AAV-control
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group) and RHD+AAV-siACVR2A group (hereinafter re-
ferred to as the AAV-siACVR2A group). The RHD experi-
mentalmodel was constructed over 8weeks via an approach
described in prior investigations [37,38]. First, a combi-
nation of GAS (4.0 × 1011 CFU/mL) and complete Fre-
und’s adjuvant (F5881, Sigma‒Aldrich, Darmstadt, Ger-
many) was made by mixing them at a 1:1 ratio. Then, 100
µL of this mixture was injected into the hind paw pad of
each rat under gas anesthesia at a 2% isoflurane (R510-22-
10, RWDLife Science Co., Ltd., Shenzhen, China) concen-
tration. After waiting for one week, 500 µL of the above
mixture was administered into the abdomen of the rats, and
this mixture was maintained for 4 weeks once a week. Dur-
ing the remaining weeks, 4.0× 1011 CFU/mL GAS was in-
jected subcutaneously into the abdominal cavity of the rats
at a dose of 500 µL once a week. Before the experiment,
rats in the AAV-control and AAV-siACVR2A groups were
injected individually with a single dose of 2.5 × 1011 vi-
ral particles diluted with 200 µL of NS via the tail vein,
and after 3 weeks, these rats underwent the same injec-
tion procedure for modeling. The control rats were sub-
jected to the same protocol as the model rats were, but
the injection medium used was NS. The euthanasia end-
point was defined as a reduction of more than 15% of the
animal’s weight, together with a decrease in feeding and
drinking. In this study, no rat reached this endpoint. At
the end of all dosing periods, the rats were euthanized via
the intraperitoneal administration of pentobarbital sodium
(P3761, Sigma‒Aldrich, Darmstadt, Germany) at a concen-
tration of 150 mg/kg to collect the heart valves.

2.5 Sample Preparation

The mitral valve specimens from dead rat hearts were
collected in a timely manner, rapidly transferred to liquid
nitrogen, and then stored at –80 °C for additional experi-
mental analysis.

2.6 Histochemical Analysis

After incubation in 4% paraformaldehyde for 12
hours, the tissue blocks were dehydrated through a range of
ethanol concentrations. Afterward, the tissue blocks were
promptly transferred into molten paraffin to maintain the
temperature and subsequently embedded once the paraffin
fully enveloped the tissue blocks. Each block was sequen-
tially sliced into 5 µm thick sections for hematoxylin and
eosin (H&E) staining and Sirius red staining. The H&E
staining process involved immersing the samples in a hema-
toxylin solution at ambient temperature for 4–10 minutes,
followed by 2–3 minutes of immersion in an eosin stain-
ing solution containing alcohol. H&E staining kits (G1005)
were purchased from Wuhan Servicebio Technology Co.,
Ltd (Wuhan, China). A BX43 light microscope (BX43,
Olympus Corporation, Tokyo, Japan) was used to record the
results. The Sirius red staining process involved the use of
Sirius red staining solution (MM1036, Shanghai Maokang

Biotechnology Co., Ltd., Shanghai, China) at ambient tem-
perature for one hour. Polarized light pictures were then
captured with a BX43 confocal microscope (BX43, Olym-
pus Corporation, Tokyo, Japan).

2.7 Immunohistochemistry

Immunohistochemical analysis was conducted via the
use of purified polyclonal antibodies against rat CD31, α-
SMA, collagen type I alpha 1 (COL1A1) and vimentin.
Paraffin sections (5 µm thick) were treated with a 3% aque-
ous solution of hydrogen peroxide at ambient temperature
and maintained in darkness for 25 minutes. The sections
were subsequently blocked with 3% bovine serum albumin
(GC305006, Servicebio) under ambient conditions for 30
minutes. Subsequently, the samples were incubated with
primary antibodies for 12 hours. The samples were then
incubated with a horseradish peroxidase (HRP)-conjugated
anti-rabbit secondary antibody (1:200, G1213, Servicebio)
for 50 minutes at room temperature. The results were
recorded with a BX43 microscope.

2.8 Cell Culture

HUVECs (Shanghai Zhong Qiao Xin Zhou Biotech-
nology Co., Ltd., Shanghai, China) were grown in en-
dothelial cell medium (ECM, 1001, ScienCell Research
Laboratories, Carlsbad, CA, USA) at 37 °C and 5%
CO2. HUVECs were stimulated with 10 ng/mL recombi-
nant human TGF-β1 (HZ-1011, Proteintech Group, Inc.,
Wuhan, China) or 10 ng/mL recombinant human activin A
(APA001Hu01, Cloud-Clone Corp, Wuhan, China) for 48
hours. TGF-β1 at a concentration of 10 ng/mL successfully
induces EndMT in HUVECs, as demonstrated in previous
studies [39–41]. Therefore, TGF-β1 was used as a positive
control. To investigate the role of activin A in endothelial
cell mesenchymal transition, we first transfected endothe-
lial cells with ACVR2A-siRNA and subsequently treated
endothelial cells with activin A. All cell lines were vali-
dated by short tandem repeat profiling and tested negative
for mycoplasma.

2.9 siRNA Transfection

Hanheng Biotechnology (Shanghai) Co., Ltd. (Shang-
hai, China). provided the siRNAs. HUVECs were trans-
fected with siRNAs via Lipofectamine 3000 (L3000015,
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Two
microliters of siRNA and 5 µL of Lipofectamine 3000
transfection reagent were added to 250 µL of Opti-MEM
(31985070, Thermo Fisher Scientific) solution, mixed sep-
arately, and left to stand to form the siRNA-Lipofectamine
3000 complex. The complex was used to treat HU-
VECs. The ACVR2A-siRNA used were as follows: for-
ward, 5′-GGAAGUUGUUGUGCAUAAATT-3′ and re-
verse, 5′-UUUAUGCACAACAACUUCCTT-3′. The neg-
ative control (NC)-siRNA used were as follows: forward,
5′-UUCUCCGAACGUGUCACGUTT-3′ and reverse, 5′-
ACGUGACACGUUCGGAGAATT-3′.
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2.10 Reverse Transcription Quantitative Polymerase
Chain Reaction

TRIzol® reagent (15596026CN, Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA) was used to extract total
RNA from heart valves or cultured HUVECs. The RNA
was converted into cDNA via a reagent kit (YFXM0009,
YIFEIXUE Biotech. Co., Ltd., Nanjing, China). RT-qPCR
was conducted with 2× SYBR Green Fast qPCR Master
Mix (YFXM0001, YIFEIXUE Biotech. Co., Ltd., Nanjing,
China) on a real-time PCR system (Bio-Rad). The results
were normalized to the relative expression of each target
gene via the 2−∆∆Ct method, and either glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or β-actin was used
as the reference gene. Table 1 summarized the primer se-
quences used in this study.

2.11 Western Blotting
PMSF (P0100, Solarbio Science & Technology Co.,

Ltd., Beijing, China), protein phosphatase inhibitor (P1260,
Solarbio), and RIPA buffer (R0010, Solarbio) were made
into a cell lysate with a ratio of 1:1:100. Valve tissues or
cells were lysed for a period of 1 hour. Protein concen-
tration was determined by BCA assay and individual sam-
ples contained 30 mg of protein. Then electrophoresis on
7.5–12.5% sodium dodecyl sulfate (SDS)/polyacrylamide
gel electrophoresis (PAGE) gels, followed by transfer to
polyvinylidene fluoride (PVDF) membranes (ISEQ00005,
EMD Millipore, Darmstadt, Germany). The membranes
were blocked with Protein-Free Rapid Sealing Solution
(PS108P, Shanghai Epizyme Biomedical Technology Co.,
Ltd., Shanghai, China) for 30 min at room temperature, and
followed by the following specific primary antibodies incu-
bated overnight at 4 °C: anti-GAPDH (1:10,000, 10494-1-
AP, Proteintech), anti-Activin A (1:500, ab89307, Abcam,
Cambridge, UK), anti-ACVR2A (1:1000, ab134082, Ab-
cam), anti-p-Smad2 (1:500, AF3449, Affinity Biosciences,
Jiangsu, China), anti-p-Smad3 (1:500, AF3362, Affin-
ity), anti-Smad2 (1:2000, 12570-1-AP, Proteintech), anti-
Smad3 (1:500, AF6362, Affinity, or 1:500, PAC123Hu01,
Cloud-Clone Corp), anti-LEF1 (1:1000, ab137872, Ab-
cam), anti-Snail1 (1:500, 13099-1-AP, Proteintech), anti-
TWIST (1:1000, 25465-1-AP, Proteintech), anti-ZEB1
(1:500, 21544-1-AP, Proteintech), anti-α-SMA (1:1000,
ab137872, Abcam), anti-vimentin (1:2000, 10366-1-AP,
Proteintech), and anti-VE-cadherin (1:1000, ab231227,
Abcam, or 1:1000, ab33168, Abcam). The membranes
were washed and then incubated with an HRP-coupled sec-
ondary antibody (1:10,000, ab97051, Abcam) for 1 h. An
enhanced chemiluminescence (ECL) chemiluminescence
kit (P2200, Suzhou New Saimei Biotechnology Co., Ltd.,
Suzhou, China) was used to visualize the final bands. The
grayscale values of the bands corresponding to the final tar-
get protein were quantified via ImageJ software 1.53t (Na-
tional Institutes of Health, Bethesda, MD, USA).

Table 1. Sequences of primers used in RT-qPCR.
Gene (rat) 5′–3′

α-Sma
Forward GCGTGGCTATTCCTTCGTGACTAC
Reverse CATCAGGCAGTTCGTAGCTCTTCTC

Col1a1
Forward TGTTGGTCCTGCTGGCAAGAATG
Reverse GTCACCTTGTTCGCCTGTCTCAC

Col3a1
Forward AGTCGGAGGAATGGGTGGCTATC
Reverse CAGGAGATCCAGGATGTCCAGAGG

Ve-cadherin
Forward GATGCAGAGGCTCATGATGC
Reverse CTTGCGACTCACGCTTGACT

Acvr2a
Forward CTTGCTCTTCAGGTGCTATACTTGG
Reverse GTCTGATTGGTTCTGTCTCTTTCCC

Smad2
Forward GTCGTCCATCTTGCCATTCACTC
Reverse GTTCTCCACCACCTGCTCCTC

Smad3
Forward AGGGCTTTGAGGCTGTCTACC
Reverse TGCTGGTCACTGTCTGTCTCC

Lef-1
Forward CACACAACTGGCATCCCTCATC
Reverse GGCTCCTGTTCCTTTCTCTGTTC

Snail1
Forward CCGACCGCTCCAACCTACG
Reverse GCAGCCAGACTCTTGGTGTTTG

Twist
Forward TGAGCAACAGCGAGGAGGAG
Reverse CCGACTGCTGCGTCTCTTG

Zeb1
Forward GCACAGCCAAGCACAGAAGAG
Reverse TGGAGAAGGTGGTTCAAGAGACTG

Zeb2
Forward GAGATAAGGGAGAGCGTTGTG
Reverse AATTGTGGTCTGGATCGTGG

β-actin
Forward GGAGATTACTGCCCTGGCTCCTA
Reverse GACTCATCGTACTCCTGCTTGCTG

Gene (human) 5′–3′

ACVR2A
Forward GGAACTGGCTTCTCGCTGTACTG
Reverse GCACAACAACTTCCTGCATGTCTTC

SMAD2
Forward CGCCGCCAGTTGTGAAGAGAC
Reverse TCCTGCCCATTCTGCTCTCCTC

SMAD3
Forward GGAGCGGAGTACAGGAGACAGAC
Reverse CTAAGACACACTGGAACAGCGGATG

LEF-1
Forward CACACAACTGGCATCCCTCATCC
Reverse GCTCCTGCTCCTTTCTCTGTTCATG

SNAIL1
Forward CCTCGCTGCCAATGCTCATCTG
Reverse CTCTGCCACCCTGGGACTCTC

TWIST
Forward GACTTCCTCTACCAGGTCCTCCAG
Reverse TCCAGACCGAGAAGGCGTAGC

ZEB1
Forward AGTGTTACCAGGGAGGAGCAGTG
Reverse TTTCTTGCCCTTCCTTTCCTGTGTC

ZEB2
Forward TGACCTGCCACCTGGAACTCC
Reverse GGCGGTACTTGATGTGCTCCTTC

VE-CADHERIN
Forward GTACCACCTCACTGCTGTCATTG
Reverse CAGGCACGGACGCATTGAAC

α-SMA
Forward CTTCGTTACTACTGCTGAGC-GTGAG
Reverse CCCATCAGGCAACTCGTA-ACTCTTC

VIMENTIN
Forward ATCGATGTGGATGTTTCCAA
Reverse TTGTACCATTCTTCTGCCTC
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Table 1. Continued.
Gene (human) 5′–3′

GAPDH
Forward TGACATCAAGAAGGTGGTGAAGCAG
Reverse GTGTCGCTGTTGAAGTCAGAGGAG

RT-qPCR, real-time quantitative polymerase chain reaction; α-
SMA, α-smooth muscle actin; COL1A1, collagen type I alpha 1;
COL3A1, collagen type III alpha 1; ACVR2A, activin receptor
type IIA; LEF-1, lymphoid enhancer-binding factor 1; ZEB1, zinc
Finger E-Box Binding Homeobox 1; ZEB2, zinc Finger E-Box
Binding Homeobox 2; SNAIL1, snail family transcriptional repres-
sor 1; TWIST, transcription factor twist family basic helix-loop-
helix (bHLH) transcription factor 1; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; SMAD, drosophila mothers against de-
capentaplegic.

2.12 Cell Scratch Assay
HUVECs were added to a 6-well plate. Once the HU-

VECs had adhered and proliferated, a pipette tip was used
to gently make a wound in the central area of the cell layer.
PBS was added for rinsing, and then, serum-free medium
was added for culture. Images of the scratches were ac-
quired with a phase contrast microscope at identical posi-
tions for 0 hours and 24 hours. The cell migratory capacity
was assessed on the basis of the extent of healing observed
in the scratched area.

2.13 Transwell Cell Migration Assay
HUVECswere transfected with ACVR2A-siRNA and

treated with activin A. After they reached a sufficient treat-
ment time, they were digested with trypsin. Then, 200 µL
of HUVECs were combined with serum-free medium and
transferred to the upper chamber of a 24-well dish with an
8 µm well. Additionally, 600 µL of HUVECs mixed with
10% FBS medium was transferred to the bottom chamber.
After a 12-hour incubation period, HUVECs were stabi-
lized with 4% paraformaldehyde for 15 minutes and then
stained with crystal violet solution (G1064, Solarbio) for
20 minutes. Images of HUVECs located on the underside
of the luminal membrane were subsequently captured and
quantitatively analyzed via an inverted microscope.

2.14 Statistical Analysis
GraphPad Prism 9.5 (GraphPad Software, San Diego,

CA, USA) was used for statistical analysis of the data. The
data are shown as the means± standard errors of the means.
For comparisons of normally distributed data between two
groups, an unpaired Student’s t-test was used, whereas for
pairwise comparisons among three or more groups, one-
way ANOVA with Tukey’s multiple comparisons test was
used. In cases where the data were not normally distributed,
a nonparametric test was employed. The data were con-
sidered statistically significant if the p-value was less than
0.05.

3. Results
3.1 AAV-siACVR2A Attenuates the Inflammatory Response
and Fibrosis in RHD-Affected Valves

H&E staining revealed increased inflammatory infil-
tration in the mitral valvular tissues of rats in the RHD
group. However, this inflammatory infiltration was re-
duced after the inhibition of ACVR2A (Fig. 1A). Sirius
red staining was used to identify the collagen type, with
type I collagen (COL1) appearing as tightly packed yellow
and red fibers and type III collagen (COL3) appearing as
loosely packed green fibers under a polarized light micro-
scope. In nonfibrotic valves, COL1 is the primary colla-
gen type, while the proportion of COL3 steadily increases
as fibrosis progresses. As fibrosis progresses, the propor-
tion of COL3 gradually increases, and an increase in the
COL3/COL1 (COL3/1) ratio can be used to detect the on-
set of valvular fibrosis [42]. Our results revealed that the
COL3/1 ratio was elevated in the RHD group. However,
after inhibition of ACVR2A, the COL3/1 ratio decreased
(Fig. 1B). The above results indicated that inflammatory in-
filtration and fibrotic changes occurred in the mitral valvu-
lar tissues of the rats in the RHD group, whereas the inflam-
matory infiltration and fibrosis of the valvular tissues were
reduced after the inhibition of ACVR2A.

3.2 AAV-siACVR2A Inhibited Activin-Related
Pathway-Mediated EndMT in RHD-Affected Valves

The immunohistochemistry results revealed that the
expression of α-SMA, COL1A1, and vimentin was ele-
vated in the valvular tissues of the RHD group. How-
ever, in the AAV-siACVR2A group, the above indices were
decreased in the valvular tissues. In addition, CD31 was
slightly reduced in the RHD group, but this slight reduction
was reversed after the inhibition of ACVR2A (Fig. 2A). RT-
qPCR analysis revealed that the mRNA levels of α-SMA,
COL1A1, and COL3A1 were elevated in the valvular tis-
sues of the RHD group. After pretreatment with AAV-
siACVR2A, the levels of these indicators were reduced. In
addition, the mRNA level of VE-cadherin, which is a char-
acteristic indicator of endothelial cells, was decreased in the
RHD group but recovered after the inhibition of ACVR2A
(Fig. 2B). Western blotting analysis revealed that the pro-
tein expression of α-SMA and vimentin was increased in
valvular tissues in the RHD group, whereas their expres-
sion was decreased in the AAV-siACVR2A group. In ad-
dition, the expression of VE-cadherin was decreased in the
RHD group but recovered after the inhibition of ACVR2A
(Fig. 2C). These results suggested that EndMT occurred
in the valvular tissues of RHD rats and that inhibition of
ACVR2A suppressed EndMT.

RT-qPCR analysis revealed that the mRNA levels of
ACVR2A, LEF-1, Snail1, TWIST, ZEB1, and ZEB2 were
significantly elevated in the RHD group, but these metrics
decreased after the inhibition of ACVR2A. The mRNA ex-
pression of Smad2 and Smad3 did not significantly differ
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Fig. 1. AAV-siACVR2A attenuates the inflammatory response and fibrosis in RHD-affected valves. (A) H&E staining showing the
severity of inflammatory cell infiltration in the mitral valvular tissues of the rats in each group. Magnification, ×400. Scale bar = 50
µm. (B) Sirius red staining showing the degree of fibrosis in the mitral valvular tissues of the rats in each group (COL1 fibers are tightly
arranged (yellow and red), and COL3 fibers are loosely arranged (green)) and the COL3/1 ratio. Magnification, ×400. Scale bar = 50
µm. #p< 0.05 compared with the control group. *p< 0.05 compared with the AAV-control group. n = 6. AAV, adeno-associated virus;
RHD, rheumatic heart disease; H&E, hematoxylin and eosin; COL1, type I collagen; COL3, type III collagen.

between the groups (Fig. 2D). Western blotting analysis re-
vealed that the protein expression of activin A, ACVR2A,
p-Smad2, p-Smad3, Snail1, TWIST and ZEB1 was ele-
vated in the RHD group, whereas these indices were re-
duced in the AAV-siACVR2A group. The protein expres-
sion of Smad2 and Smad3 did not differ significantly among
the groups (Fig. 2E). The above results indicate that during
EndMT in RHD valvular tissues, activin is activated, and

the expression of ACVR2A is subsequently elevated, which
leads to the phosphorylation of Smad2/3 and then the acti-
vation of the intranuclear transcription factors involved in
EndMT. In contrast, after the inhibition of ACVR2A, ac-
tivin did not effectively phosphorylate Smad2/3, and related
intranuclear transcription factors were not effectively acti-
vated, thus inhibiting EndMT in the valvular tissues of RHD
rats.
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Fig. 2. AAV-siACVR2A inhibited activin-related pathway-mediated endothelial‒mesenchymal transition (EndMT) in RHD-
affected valves. (A) Immunohistochemical staining for CD31, α-SMA, COL1A1 and vimentin. Magnification, ×400. Scale bar =
50 µm. (B) RT-qPCR was used to measure the mRNA expression levels of α-SMA, COL1A1, COL3A1 and vascular endothelial (VE)-
cadherin in rat valves. (C) Western blot analysis of the protein expression of VE-cadherin, vimentin and α-SMA in rat valves. (D)
RT-qPCR analysis of the mRNA expression levels of factors related to the activin pathway in rat valves. (E) Western blot analysis of
the protein expression of factors related to the activin pathway in rat valves. #p < 0.05 compared with the control group. *p < 0.05
compared with the AAV-control group. n = 6.

3.3 Activin A Promoted EndMT in HUVECs
RT-qPCR analysis revealed that the mRNA expres-

sion of ACVR2A, LEF-1, Snail1, TWIST, ZEB1, ZEB2,
α-SMA, and vimentin was greater in the TGF-β1 group and
activin A group than in the control group, whereas the ex-
pression of VE-cadherin was lower in both groups. Smad2
and Smad3 mRNA expression did not differ significantly
(Fig. 3A). Western blotting analysis revealed elevated pro-
tein expression of activin A, ACVR2A, p-Smad2, p-Smad3,
LEF-1, Snail1, TWIST, ZEB1, α-SMA, and vimentin in the
TGF-β1 group and activin A group, whereas the expression
of VE-cadherin was reduced in both groups. There was no
significant difference in the protein expression of Smad2
and Smad3 (Fig. 3B). These results suggested that activa-
tion of activin A stimulated the mesenchymal transforma-
tion of HUVECs and that activin pathway-related factors
were also activated during this process. The mesenchymal
transformation of endothelial cells is closely related to the
activation of activin and its signaling factors.

3.4 ACVR2A-siRNA Inhibited EndMT in HUVECs
RT-qPCR analysis revealed that the mRNA levels

of ACVR2A, LEF-1, Snail1, TWIST, ZEB1, ZEB2, α-
SMA, and vimentin were decreased in the ACVR2A-
siRNA+activin A group and that the mRNA level of VE-
cadherin was elevated in the ACVR2A-siRNA+activin A
group compared with those in the NC-siRNA+activin A
group. There was no significant difference in the mRNA
expression of Smad2 and Smad3 (Fig. 4A). Western blot-
ting analysis revealed that the protein expression of ac-
tivin A, ACVR2A, p-Smad2, p-Smad3, Snail1, TWIST,
ZEB1,α-SMA, and vimentin was reduced in the ACVR2A-
siRNA+activin A group and that the protein expression of
VE-cadherin tended to increase. There was no significant
difference in the protein expression of Smad2 and Smad3
(Fig. 4B). In addition, the results of the scratch and Tran-
swell migration assays revealed that migration was slower
in the ACVR2A-siRNA+activin A group than in the NC-
siRNA+activin A group (Fig. 4C,D). The above results in-
dicated that after the inhibition of ACVR2A, the activa-

7

https://www.imrpress.com


Fig. 3. Activin A promoted EndMT in human umbilical vein
endothelial cells (HUVECs). (A) RT-qPCR was performed to
measure the mRNA expression levels of activin pathway-related
factors and EndMT-related factors in HUVECs during EndMT.
(B) Western blot analysis of the protein expression of activin
pathway-related factors and EndMT-related factors in HUVECs
during EndMT. *p < 0.05 compared with the control group. n =
3. TGF, transforming growth factor.

tion of activin and its associated pathway factors was sup-
pressed, and the mesenchymal transition of HUVECs was
also inhibited. In addition, the motility of HUVECs during
mesenchymal transformation was suppressed.

4. Discussion
EndMT is a complex biological process by which

endothelial cells lose their endothelial phenotype and ac-
quire a mesenchymal phenotype [10,11]. EndMT has been
demonstrated to be involved in the development of the atri-
oventricular valve and is associated with the development
of various inherited and acquired diseases, such as malig-
nant, cardiovascular, inflammatory and fibrotic diseases. In
the cardiovascular field, atherosclerosis, pulmonary hyper-
tension, valvular heart disease and cardiac fibrosis are all
associated with abnormal EndMT [43]. Notably, RHD is a
disease that involves fibrotic changes in heart valves, and
the role of EndMT in RHD valvular damage has recently
been studied [32]. In our study, EndMT occurred in the
valves of the RHD model rats. It is associated with mitral
fibrosis.

The TGF-β signaling pathway is one of the major
pathways regulating EndMT, and the key factors involved
in this pathway include activin, Smad2, and Smad3 [16].
Activin belongs to the TGF-β superfamily of dimeric gly-
coproteins, in which the activin A subtype and TGF-β share
the same signaling pathway at the Smad2/3/4 level [44].
Currently, activin and ACVR2A are receiving much atten-
tion in the study of antifibrosis and mesenchymal transi-
tion [34,35]. In skin tissues, activin is a potent regulator of
wound repair and scar formation [45], and in acute mouse
and human wounds, hyperproliferating keratinocytes in the
wound epidermis as well as fibroblasts and inflammatory
cells in granulation tissue were identified as sources of ac-
tivin [46]. In liver fibrosis, activin was found to activate
hepatic stellate cells, which led to increased expression of
α-SMA and collagen, and exogenous follicular inhibitors
eliminated the profibrotic effects of activin in vitro, which
indicated that the inhibition of activin was effective in the
treatment of liver fibrosis [47]. In addition, Liang J et al.
[34] reported that echinacoside exerts potent antifibrotic ef-
fects by inhibiting the ACVR2A-mediated TGF-β1/Smad
signaling axis and could be used as an alternative therapy
for hepatic fibrosis. In renal fibrosis, activin A promoted
the proliferation of rat kidney fibroblasts, induced the ex-
pression of α-SMA and enhanced the mRNA expression of
type I collagen, thereby exerting a profibrotic effect [48].

In our study, we revealed inflammatory infiltration
and fibrotic changes in the valvular tissues of rats in the
RHD disease model, and during the above pathology, the
valvular tissues underwent EndMT, which was accompa-
nied by the activation of activin and associated pathway fac-
tors. However, after inhibition of ACVR2A, activin path-
way factor signaling was also suppressed, and mesenchy-
mal indices were reduced, suggesting that EndMT in valvu-
lar tissues was suppressed and that inflammatory infiltra-
tion and fibrotic changes in valvular tissues were simulta-
neously reduced. In our in vitro study, activin A stimulated
themesenchymal transformation of endothelial cells, which
was consistent with previous findings [49]. After inhibition
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Fig. 4. ACVR2A-siRNA inhibited EndMT in HUVECs. (A) RT-qPCR analysis of the mRNA expression levels of activin pathway-
related factors and EndMT-related factors in HUVECs after ACVR2A-siRNA treatment. (B) Western blot analysis of the protein expres-
sion of activin pathway-related factors and EndMT-related factors in HUVECs after ACVR2A-siRNA treatment. (C) Cell scratch assay
using HUVECs. Magnification, ×40. Scale bar = 100 µm. (D) Transwell migration assay using HUVECs. Magnification, ×200. Scale
bar = 50 µm. *p < 0.05 compared with the NC-siRNA+activin A group. n = 3.

of ACVR2A, mesenchymal transformation of endothelial
cells was also inhibited. These results indicated that activin
was activated by binding to ACVR2A, activated relevant
intranuclear transcription factors via the Smad2/3 phospho-
rylation pathway, and caused mesenchymal transformation
of endothelial cells, which, in turn, could lead to inflam-
matory infiltration and fibrotic changes in the valvular tis-
sues of RHD rats. After inhibition of ACVR2A, there was
a reduction in damage to valvular tissues. Because there
is a relative paucity of treatments for RHD valvular injury,
we believe that targeting ACVR2A may be a promising ap-
proach for the treatment of RHD valvular injury.

This study has several limitations. Firstly, we did not
extract primary endothelial cells from the mitral valvular
tissues of the RHD rat model, and further extraction of the
primary valvular endothelium is needed for validation. Sec-

ondly, our conclusions were based on the RHD rat model,
which does not accurately describe the pathomechanisms of
human RHD valvulopathy accurately, and more subsequent
combinatorial studies are needed to confirm these findings.

5. Conclusions
In conclusion, the present study demonstrated that in-

hibition of ACVR2A could mediate EndMT to attenuate
valvular injury in RHD rats, further elucidating the mecha-
nism of action of activin and EndMT in RHD valvular in-
jury.
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