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Matrix metalloproteinase 3 regulates angiotensin II‑induced
myocardial fibrosis cell viability, migration and apoptosis
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Abstract. Angiotensin II (AngII) is a central signaling
molecule of the renin‑angiotensin system that serves a vital
role in myocardial fibrosis (MF). The present study aimed to
investigate the effects of matrix metalloproteinase (MMP)3 on
MF progression. To induce cellular fibrosis, H9C2 rat myocar‑
dial cells were treated with AngII for 24 h. Subsequently, cells
were treated with levocarnitine, or transfected with small
interfering (si)RNA‑negative control or siRNA‑MMP3 (1/2/3).
Cell viability, apoptosis and migration were assessed by
performing Cell Counting Kit‑8, flow cytometry and Transwell
assays, respectively. Reverse transcription‑quantitative PCR
(RT‑qPCR) and western blotting were performed to determine
the expression levels of MF biomarkers, including disease‑,
apoptosis‑ and oxidative stress‑related genes. Compared with
the control group, AngII significantly inhibited H9C2 cell
viability and migration, and significantly increased H9C2 cell
apoptosis (P<0.05). However, compared with AngII‑treated
H9C2 cells, MMP3 knockdown significantly inhibited fibrotic
H9C2 cell viability and migration, but increased fibrotic H9C2
cell apoptosis (P<0.05). The RT‑qPCR results demonstrated
that MMP3 knockdown significantly downregulated the
expression levels of AXL receptor tyrosine kinase, AngII
receptor type 1, α‑smooth muscle actin and Collagen I in
AngII‑treated H9C2 cells (P<0.05). Moreover, compared with
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AngII‑treated cells, MMP3 knockdown significantly decreased
Bcl‑2 expression levels , but significantly increased caspase‑3
and p53 expression levels in AngII‑treated cells (P<0.05).
Additionally, compared with AngII‑treated cells, MMP3
knockdown significantly decreased MMP3, MMP9, STAT3,
p22Phox and p47Phox expression levels in AngII‑treated cells
(P<0.05). The present study indicated that MMP3 knockdown
altered myocardial fibroblast cell viability, migration and
apoptosis by regulating apoptosis‑ and oxidative stress‑related
genes, thus delaying MF progression.
Introduction
Heart failure (HF) has become a major public health problem
that affects 23 million people worldwide (1), and due to
increases in life expectancy over time, the prevalence of HF
is continually increasing (2). Myocardial fibrosis (MF), a
common pathological manifestation of various cardiovascular
diseases at a certain stage, can disrupt the myocardial structure,
leading to myocardial disarray and vasomotor dysfunction,
thereby promoting HF progression (3). MF involves cardiac
interstitial remodeling characterized by excessive cardiac
interstitial fibroblast proliferation, as well as excessive depo‑
sition and abnormal distribution of collagen (4). It has been
reported that the severity of MF is associated with higher
long‑term mortality in patients with heart disease, especially
in patients with HF (5,6). Therefore, identifying therapeutic
strategies to prevent and eliminate MF is important to improve
the outcomes of HF.
Nowadays, MF detection primarily occurs via imaging
or measuring the expression of related biomarkers; however,
biomarkers that are directly associated with MF have not been
identified (7,8). Diuretics, Digitalis and angiotensin‑converting
enzyme inhibitors are used to delay chronic HF in clinical
settings, but display side effects and are not suitable for
long‑term treatment (9,10). Therefore, the identification of
novel drugs and therapeutic targets to delay MF and prevent HF
is important. Previous research has demonstrated that myocar‑
dial cell death triggers an inflammatory response, leading
to fibroblast activation and replacement of dead myocardial
cells with fibrous tissue (4). Multiple studies have demon‑
strated that TGF‑β, IL‑11, α‑smooth muscle actin (α‑SMA),
Collagen I and Collagen III were all upregulated in MF and
served as important determinants of the condition (11‑13). It
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has been reported that inhibition of myocardial apoptosis,
fibrosis and inflammation could protect against myocardial
injury in diabetic cardiomyopathy (14), and oxidative stress
has also been reported to be closely related to the progres‑
sion of MF (15). AXL receptor tyrosine kinase (Axl) has been
utilized to predict the adverse pathology of MF (16). Moreover,
angiotensin II receptor type 1 (AT1R) has been reported to
interact with angiotensin II (AngII) and promote the formation
of tissue fibrosis (17). In addition, Zachariah et al (18) reported
that circulating matrix metalloproteinase (MMP)3 may serve
as a marker of MF and ventricular arrhythmia in adolescents
with hypertrophic cardiomyopathy. It was also demonstrated
that MMP3 was upregulated during AngII‑induced cardiac
remodeling and was associated with the regulation of
angiogenesis and immune responses via RNA sequencing
analysis (19). MMP3 is a type of stromelysin that serves an
essential role in tissue remodeling by degrading extracellular
matrix (ECM) (20,21). Tuncer et al (22) reported that MMP3
expression was significantly higher in patients with rheuma‑
toid arthritis compared with control patients, and high MMP3
expression levels were related to high disease activity, as
demonstrated by C‑reactive protein levels, Health Assessment
Questionnaire scores and erythrocyte sedimentation rates.
However, the effects of MMP3 on MF are not completely
understood.
A previous study demonstrated that activation of the
renin‑angiotensin system (RAS) is a key mediator in HF
progression (23). AngII is a central signaling molecule of RAS
that serves a vital role in MF (24). Therefore, in the present
study, AngII was used to induce fibrosis in rat myocardial cells,
and MMP3 was knocked down to investigate its effects on MF
progression. The results of the present study may improve the
current understanding of HF, and provide novel therapeutic
targets for the prevention and reversal of MF.
Materials and methods
Cell culture. H9C2 rat myocardial cells (The Cell Bank of Type
Culture Collection of Chinese Academy of Sciences) were
cultured in DMEM (Wuhan Boster Biological Technology,
Ltd.) supplemented with 10% FBS (Thermo Fisher Scientific,
Inc.), 100 kU/l penicillin (Thermo Fisher Scientific, Inc.) and
100 mg/l streptomycin (Thermo Fisher Scientific, Inc.) at 37˚C
with 5% CO2.
AngII concentration screening. H9C2 cells were seeded
(5x105 cells/well) into 12‑well plates and cultured overnight.
Cells were treated with different concentrations (0, 10 ‑8,
10 ‑7 or 10 ‑6 M) of AngII (Shanghai YuanYe Biotechnology
Co., Ltd.) for 6, 12 and 24 h at 37˚C. Subsequently, reverse
transcription‑quantitative PCR (RT‑qPCR) was performed to
measure Axl expression levels.
Cell transfection. H9C2 cells were resuspended in complete
culture medium and seeded (5x105 cells/well) into 6‑well plates.
Following culture overnight, the culture medium was replaced
with serum‑free medium. Cells were divided into the following
five groups: i) blank control; ii) small interfering (si)RNA‑negative
control (NC); iii) siRNA‑MMP3 1; iv) siRNA‑MMP3 2;
and v) siRNA‑MMP3 3. siRNA‑NC (non‑targeting;

forward, 5'‑UUCUCCGAACGUGUCACGUTT‑3' and
reverse, 5'‑ACGUGACACGUUCGGAGAATT‑3') and
siRNA‑MMP3 (1/2/3) were prepared and obtained from
Yanzai Biotechnology (Shanghai) Co., Ltd. The sequences
of siRNA‑MMP3 were as follows: siRNA‑MMP3‑1,
5'‑GAAGCAGTTTACTAAGAAA‑3'; siRNA‑MMP3‑2,
5'‑GAGAAGTCTTGTTCTTTAA‑3'; and siRNA‑MMP3‑3,
5'‑GATGCAGCCATTTCTTTAA‑3'. Cell transfection was
performed as previously described (25). Briefly, H9C2 cells
were seeded (5x105 cells/well) into 6‑well plates and cultured
overnight. Subsequently, cell medium was changed to
serum‑free medium, and cells were transfected with 100 nM
siRNA‑NC or 100 nM siRNA‑MMP3 (1/2/3) at 24±2˚C for
20 min using Lipofectamine® 3000 (Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. Cells in the
blank control group were cultured in medium. Following
transfection for 6 h, the medium was replaced with complete
culture medium. After culture for another 24 h, transfection
efficiency was assessed via RT‑qPCR.
Cell viability assay. The effects of MMP3 on fibrotic H9C2 cell
viability were determined by performing the Cell Counting
Kit‑8 (CCK‑8) assay (Beyotime Institute of Biotechnology).
H9C2 cells were seeded (5x105 cells/well) into 6‑well plates.
Following culture overnight, cells were divided into the
following five groups: i) Control; ii) MF; iii) MF + levocar‑
nitine; iv) MF + siRNA‑NC; and v) MF + siRNA‑MMP3. To
induce cellular fibrosis, cells in the MF, MF + levocarnitine,
MF + siRNA‑NC and MF + siRNA‑MMP3 groups were
treated with 10‑8 M AngII at 25˚C for 24 h. Subsequently, cells
in the MF + levocarnitine group were treated with 100 µM
levocarnitine (Shanghai YuanYe Biotechnology Co., Ltd.) at
room temperature for 24 h, and cells in the MF + siRNA‑NC
and MF + siRNA‑MMP3 groups were transfected with
siRNA‑NC or siRNA‑MMP3, respectively, according to the
aforementioned protocol. Cells in the control group were
untreated. At 24 h post‑transfection, cells were collected
and seeded (1x104 cells/well) into a 96‑well plate. Following
culture for 24, 48, 72 or 96 h, 10 µl CCK‑8 reagent was added
to each well and incubated for 2.5 h at 37˚C. The absorbance
was measured at a wavelength of 450 nm using a microplate
reader.
Cell apoptosis assay. The Annexin V‑FITC Apoptosis
Detection kit (Beyotime Institute of Biotechnology) was used
to measure H9C2 cell apoptosis according to the manufac‑
turer's protocol. H9C2 cells were seeded (1x10 4 cells/well)
into a 24‑well plate and cultured for 24 h at 37˚C. H9C2 cells
were harvested and centrifuged at 1000 x g for 5 min at room
temperature. Subsequently, cells were resuspended with 195 µl
Annexin V‑FITC. Subsequently, cells were double‑stained
with 5 µl Annexin V‑FITC and 10 µl PI in the dark at 20˚C for
20 min. Cell apoptosis was assessed using a FACSCalibur flow
cytometer (Becton‑Dickinson and Company) and the rate of
apoptosis (early and late apoptosis) was calculated using FCS
Express software (version 4; De Novo Software).
Cell migration assay. H9C2 cell migration was evaluated
using Transwell chambers (pore size, 8 µm; Guangzhou Jet
Bio‑Filtration Co., Ltd.). Cells were seeded (6x104 cells/well)
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Table I. Sequences of primers used in the present study.
Gene
GAPDH
MMP3
Axl
AT1R
MMP9
Bcl-2
Caspase‑3
p53
α-SMA

Collagen I
STAT3
p22Phox
p47Phox

Sequence (5'→3')
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:

AGACAGCCGCATCTTCTTGT
CTTGCCGTGGGTAGAGTCAT
CAGGCATTGGCACAAAGGTG
GTGGGTCACTTTCCCTGCAT
GCCCAGTGAGTGAACCCC
TCTCCTTCAGCTCTTCGCTG
GGAAACAGCTTGGTGGTGAT
CACACTGGCGTAGAGGTTGA
GCATCTGTATGGTCGTGGCT
CTGTAGGGGCCTCAGAAGGA
GACTGAGTACCTGAACCGGCATC
CTGAGCAGCGTCTTCAGAGACA
GAATCCACGAGCAGAGTC
TCAACAAGCCAACCAAGT
ACAGTTAGGGGGTACCTGGC
GCTGTGGTGGGCAGAATATCAT
GGAGATGGCGTGACTCACAA
CGCTCAGCAGTAGTCACGAA
ACTTAACATCCAAGGCCGCT
ACAATATTTGCCTCAGTTTGTGC
CCTTGGATTGAGAGCCAAGAT
ACCAGAGTGGCGTGTGACT
TTGTTGCAGGAGTGCTCATC
CACGGACAGCAGTAAGTGGA
TCCCTGCATCCTATTTGGAG
GGGACACCTCATCCTCTTCA

MMP, matrix metalloproteinase; Axl, AXL receptor tyrosine kinase;
AT1R, angiotensin II receptor type 1; α-SMA, α-smooth muscle
actin; F, forward; R, reverse.

into the upper chamber with complete medium. Medium
supplemented with 10% FBS was loaded into the lower
chamber. Following incubation at 37˚C for 24 h, cells were fixed
with 4% paraformaldehyde (Sinopharm Chemical Reagent
Co., Ltd.) at room temperature for 10 min, and then stained
with 0.5% crystal violet (Beyotime Institute of Biotechnology)
at room temperature for 10 min. Stained cells were visualized
using a light microscope (Olympus Corporation; magnifica‑
tion, x200).
RT‑qPCR. Total RNA was extracted from cells using TRIzol®
reagent (Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Total RNA was reverse transcribed
into cDNA using the PrimeScript™ II 1st Strand cDNA
Synthesis kit (Takara Bio, Inc.). at 37˚C for 60 min and 85˚C
for 5 sec. Subsequently, qPCR was performed using SYBR
Premix EX Taq (Thermo Fisher Scientific, Inc.). The primers
used for qPCR are listed in Table I. The following thermocy‑
cling conditions were used for qPCR: 95˚C for 3 min; 95˚C
for 10 sec; followed by 40 cycles at 60˚C for 30 sec and 60˚C

3

for 30 sec. mRNA expression levels were quantified using the
2‑ΔΔCq method (26) and normalized to the internal reference
gene GAPDH.
Western blotting. Total protein was isolated from cells
using radioimmunoprecipitation assay protein lysis buffer
(Beyotime Institute of Biotechnology). Protein concentrations
were measured using a Bicinchoninic Acid Protein Assay kit
(Wuhan Boster Biological Technology, Ltd.) according to
the manufacturer's protocol. Proteins (20 µg) were separated
via 10% SDS‑PAGE and transferred to PVDF membranes,
which were blocked with 5% skimmed milk for 2 h at 37˚C.
Subsequently, the membranes were incubated overnight at 4˚C
with the following primary antibodies: Anti‑MMP3 (1:4,000;
cat. no. 66338‑1‑Ig; ProteinTech Group, Inc.), anti‑caspase‑3
(1:1,000; cat. no. 66470‑2‑Ig; ProteinTech Group, Inc.),
anti‑p53 (1:2,000; cat. no. 60283‑2‑Ig; ProteinTech Group,
Inc.) and anti‑GAPDH (1:10,000; cat. no. 60004‑1‑Ig;
ProteinTech Group, Inc.). After washing three times with PBST
(0.05% Tween‑20 in PBS) the membranes were incubated
with a goat anti‑mouse IgG (1:10,000; cat. no. 115‑035‑003;
Jackson ImmunoResearch Laboratories, Inc.) secondary
antibody at 37˚C for 2 h. Following washing three times with
PBST, protein bands were visualized using the ECL assay kit
(Beyotime Institute of Biotechnology) and chemiluminescence
apparatus (Shanghai Tanon Science & Technology Co., Ltd.).
Protein expression was semi‑quantified using Image‑Pro Plus
software (version 6.0; Media Cybernetics, Inc.)
Statistical analysis. Each experiment was performed in trip‑
licate. Data are presented as the mean ± standard deviation.
Statistical analyses were performed using GraphPad Prism
software (version 7.0; GraphPad Software, Inc.). Prior to statis‑
tical analysis, the homogeneity of variance test for all data
was performed to obtain the F-value and P‑value (Table SI).
If P>0.50, one‑way ANOVA followed by Tukey's post hoc
test was performed. If P≤0.05, Brown‑Forsythe and Welch
ANOVA tests followed by Dunnett's T3 post hoc test were
performed. P<0.05 was considered to indicate a statistically
significant difference.
Results
Selection of optimal conditions for AngII. To construct a
myocardial fibroblast cell model, H9C2 cells were treated
with different concentrations of AngII. Following treatment
with different concentrations of AngII for 6 h, there was
no significant difference in the relative expression levels
of Axl compared with the control group (P>0.05; Fig. 1A).
Following treatment for 12 h, the relative expression levels
of Axl were significantly increased in cells treated with
10 ‑8 M AngII compared with the control group (P<0.05;
Fig. 1B). However, following treatment for 24 h, the relative
expression levels of Axl in cells treated with 10 ‑8 M, 10 ‑7 M
or 10 ‑6 M AngII were significantly higher compared with the
control group (P<0.05), with 10 ‑8 M AngII resulting in the
most significant increase in Axl expression levels (P<0.01;
Fig. 1C). Therefore, in subsequent experiments, H9C2 cells
were treated with 10 ‑8 M AngII for 24 h to induce fibrosis in
myocardial cells.
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Figure 1. Axl expression in AngII‑treated H9C2 rat myocardial cells. Axl expression levels in H9C2 cells treated with different concentrations of AngII for
(A) 6, (B) 12 and (C) 24 h. *P<0.05 and **P<0.01 vs. control. Axl, AXL receptor tyrosine kinase; AngII, angiotensin II.

(P<0.05; Fig. 3A). In addition, cell viability after culture for
48, 72 and 96 h was similar compared with cell viability after
culture for 24 h (Fig. 3B‑D). The results suggested that MMP3
knockdown and levocarnitine treatment inhibited myocardial
fibroblast cell viability.

Figure 2. Transfection efficiency of siRNA‑MMP3. MMP3 expression
levels in H9C2 cells transfected with siRNA‑NC, siRNA‑MMP3 (1),
siRNA‑MMP3 (2) or siRNA‑MMP3 (3) were measured via reverse tran‑
scription‑quantitative PCR. *P<0.05 vs. siRNA‑NC. siRNA, small interfering
RNA; MMP3, matrix metalloproteinase 3; NC, negative control.

Transfection efficiency. Cell transfection efficiency was evalu‑
ated by measuring MMP3 expression levels (Fig. 2). There was
no significant difference in MMP3 expression levels between
the blank control and siRNA‑NC groups (P>0.05). MMP3
expression levels in the siRNA‑MMP (3) group were signifi‑
cantly higher compared with the siRNA‑NC group (P<0.05).
Additionally, MMP3 expression levels in the siRNA‑MMP3
(1) and siRNA‑MMP3 (2) groups were 0.52±0.04 and
0.68±0.02, respectively, which were significantly decreased
compared with the siRNA‑NC group (P<0.05). Therefore,
siRNA‑MMP3 (1) was selected to establish MMP3 knock‑
down in H9C2 cells in subsequent experiments.
Effects of MMP3 on cell viability. To investigate the effects of
MMP3 on H9C2 fibroblast cells, cellular fibrosis was induced
using 10 ‑8 M AngII and the CCK‑8 assay was performed to
assess cell viability. Following culture for 24 h, cell viability
in the MF group was significantly decreased compared with
the control group (P<0.05; Fig. 3A). Following culture for 24 h,
there was no significant difference in cell viability between the
MF and MF + siRNA‑NC groups (P>0.05; Fig. 3A). Compared
with the MF group, cell viability in the MF + levocarnitine
and MF + siRNA‑MMP3 groups was significantly inhibited

Effects of MMP3 on cell apoptosis. The effects of AngII on
H9C2 cell apoptosis were detected via flow cytometry (Fig. 4A).
Cell apoptosis in the control, MF and MF + siRNA‑NC groups
were 3.49±0.27, 7.80±0.05 and 7.58±0.33%, respectively. The
results demonstrated that the rate of cell apoptosis in the MF
group was significantly increased compared with the control
group (P<0.05; Fig. 4B), whereas there was no significant
difference in the rate of cell apoptosis between the MF and
MF + siRNA‑NC groups (P>0.05; Fig. 4B). Compared with
the MF group, the rate of cell apoptosis was significantly
increased in the MF + levocarnitine and MF + siRNA‑MMP3
groups (P<0.05; Fig. 4B). Therefore, the results indicated that
compared with control cells, AngII increased H9C2 cell apop‑
tosis and MMP3 knockdown further enhanced AngII‑induced
H9C2 cell apoptosis.
Effects of MMP3 on cell migration. The Transwell assay
was performed to evaluate the effects of MMP3 on cell
migration (Fig. 5A). Compared with the control group, the
number of migratory cells was significantly decreased in
the MF group (P<0.05; Fig. 5B). There was no significant
difference in the number of migratory cells between the
MF and MF + siRNA‑NC groups (P>0.05). However, the
number of migratory cells in the MF + levocarnitine and
MF + siRNA‑MMP3 groups was significantly lower compared
with the MF group (P<0.05). The results suggested that MMP3
knockdown further inhibited cell migration in AngII‑treated
H9C2 cells.
Effects of MMP3 on mRNA expression levels. RT‑qPCR
was performed to investigate the molecular mechanisms
underlying the effects of MMP3 knockdown on myocardial
fibroblast cell viability, apoptosis and migration. Compared
with the control group, the expression levels of Axl and AT1R
were significantly increased in the MF group (P<0.05), but
significantly decreased in the MF + levocarnitine and MF +
siRNA‑MMP3 groups compared with the MF group (P<0.05;
Fig. 6A and B). Bcl‑2 expression levels were significantly lower
in the MF group compared with the control group (P<0.05),
which were further decreased in the MF + levocarnitine and
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Figure 3. Effects of MMP3 on H9C2 cell viability. Following culture for (A) 24, (B) 24, (C) 72 and (D) 96 h, H9C2 cell viability was detected by performing
Cell Counting Kit‑8 assays. *P<0.05 vs. control; #P<0.05 vs. MF. MMP3, matrix metalloproteinase 3; MF, myocardial fibrosis; siRNA, small interfering RNA;
NC, negative control.

MF + siRNA‑MMP3 groups compared with the MF group
(P<0.05; Fig. 6C). However, the trends in caspase‑3 and
p53 expression levels in the different groups were opposite
compared with Bcl‑2 expression levels (Fig. 6D and E).
Moreover, the trends in α‑SMA and Collagen I expression
levels in the different groups were similar to Axl expres‑
sion levels (Fig. 6F and G). Additionally, compared with the
control group, the expression levels of MMP3, MMP9, STAT3,
p22Phox and p47Phox were significantly upregulated in the
MF group, but significantly downregulated in the MF + levo‑
carnitine and MF + siRNA‑MMP3 groups compared with the
MF group (P<0.05; Fig. 6H‑L). The expression level of MMP3
in the MF + siRNA‑MMP3 group was significantly lower
compared with the control and MF + levocarnitine groups
(P<0.05; Fig. 6H).
Effects of MMP3 on protein expression levels. Furthermore,
the protein expression levels of MMP3, caspase‑3 and p53
were determined via western blotting (Fig. 7A). There
was no significant difference in the protein expression
levels of MMP3, caspase‑3 and p53 between the MF and
MF + siRNA‑NC groups (P>0.05; Fig. 7B‑D). MMP3 protein
expression levels in the MF group were significantly higher
compared with the control group (P<0.05); however, in the

MF + levocarnitine and MF + siRNA‑MMP3 groups, MMP3
protein expression levels were significantly downregulated
compared with the MF group (P<0.05; Fig. 7B). Caspase‑3 and
p53 expression levels were significantly upregulated in the MF
group compared with the control group (P<0.05), and further
increased in the MF + levocarnitine and MF + siRNA‑MMP3
groups compared with the MF group (P<0.05; Fig. 7C and D).
The trends in MMP3, caspase‑3 and p53 protein expression
levels were consistent with the trends in MMP3, caspase‑3 and
p53 mRNA expression levels.
Discussion
Fibrosis is a terminal process that may also target the liver
and kidneys, and several pathogenetic aspects that may trans‑
late into novel therapeutic approaches have been previously
reported (27‑29). Fagone et al (30) performed a meta‑analysis
of datasets including whole‑genome transcriptional data on
hepatic stellate cells (HSCs), which identified that several
genes associated with HSC activation could be used to assess
liver disease progression. MF serves an important role in the
pathogenesis of heart and vascular remodeling, and is closely
associated with pathological processes of numerous clinical
diseases, including hypertension, myocardial infarction,
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Figure 4. Effects of MMP3 on H9C2 cell apoptosis. H9C2 cell apoptosis was (A) determined via flow cytometry and (B) quantified. *P<0.05 vs. control;
#
P<0.05 vs. MF. MMP3, matrix metalloproteinase 3; MF, myocardial fibrosis; siRNA, small interfering RNA; NC, negative control.

atherosclerosis and diabetes (1,31,32). MF can contribute
to HF progression, seriously affecting the life and health of
elderly patients (33). MMP3 is related to certain diseases
characterized by extensive tissue destruction and collagen
degradation (34), but few studies have investigated the effects
of MMP3 on MF. In the present study, H9C2 myocardial
cells were treated with AngII to induce MF, followed by
transfection with siRNA‑MMP3. The results demonstrated
that MMP3 knockdown and levocarnitine treatment inhib‑
ited AngII‑induced myocardial fibroblast cell viability and
migration, and promoted AngII‑induced cell apoptosis. The
RT‑qPCR results indicated that compared with the control
group, AngII treatment significantly upregulated Axl and
AT1R expression levels, which were significantly down‑
regulated by MMP3 knockdown. MMP3 knockdown also
significantly decreased α‑SMA, Collagen I and Bcl‑2 expres‑
sion levels, and significantly increased caspase‑3 and p53
expression levels in AngII‑treated cells. Additionally, MMP3,
MMP9, STAT3, p22Phox and p47Phox expression levels were
significantly decreased by MMP3 knockdown in AngII‑treated
cells. Collectively, the results indicated that MMP3 altered

myocardial fibroblast cell viability, migration and apoptosis
by regulating the expression levels of apoptosis‑ and oxidative
stress‑related genes.
Previous studies have reported that AngII is associated
with MF formation and development (35,36). Related to its
ability to degrade ECM components, MMP3 has been reported
to serve key roles in ECM remodeling and promote tumor
progression (37,38). In the present study, MMP3 knockdown
inhibited myocardial fibroblast cell viability and migration,
and promoted myocardial fibroblast cell apoptosis. Compared
with the control group, AngII treatment significantly increased
Axl, AT1R, α ‑SMA and Collagen I expression levels,
which were significantly reversed by MMP3 knockdown.
Bufu et al (39) reported that celastrol suppressed colorectal
cancer cell proliferation and migration by downregulating
MMP3 and MMP7 expression levels. Furthermore, Axl,
which is activated by growth arrest‑specific 6, was upregu‑
lated in patients with HF and MF, and was used to predict the
adverse pathology of cardiovascular disease (16,40). AT1R can
interact with AngII and promote tissue fibrotic formation (17).
Previous studies have also demonstrated that pharmacological
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Figure 5. Effects of MMP3 on H9C2 cell migration. H9C2 cell migration was (A) assessed by performing Transwell assays (magnification, x200) and (B) quan‑
tified. *P<0.05 vs. control; #P<0.05 vs. MF. MMP3, matrix metalloproteinase 3; MF, myocardial fibrosis; siRNA, small interfering RNA; NC, negative control.

inhibition of AT1R may significantly reduce cardiac fibrosis
and improve cardiac function (41,42). MMP3 knockdown
significantly downregulated Axl and AT1R expression levels
in AngII‑treated cells, which suggested that MF progression
was inhibited. Additionally, α‑SMA and Collagen I, which
are biomarkers of fibrosis, were upregulated during MF
progression (43). Li et al (44) reported that astragaloside IV
effectively decreased α‑SMA and Collagen I expression levels
in silica‑induced rats, thus inhibiting the transformation to
MF. Based on the aforementioned studies and the results of
the present study, it was hypothesized that MMP3 knockdown
may downregulate biomarkers of MF (α‑SMA and Collagen I)
and relieve MF progression by mediating cell viability, migra‑
tion and apoptosis.
To further understand the molecular mechanisms under‑
lying the effects of MMP3 on MF, RT‑qPCR was performed
to determine the expression levels of apoptosis‑ (Bcl‑2,
caspase‑3 and p53) and oxidative stress‑ (MMP3, MMP9,
STAT3, p22Phox and p47Phox) related genes. In the present
study, MMP3 knockdown significantly downregulated Bcl‑2,
MMP3, MMP9, STAT3, p22Phox and p47Phox expression
levels, but upregulated caspase‑3 and p53 expression levels in
AngII‑treated cells. Bcl‑2, an antiapoptotic factor, has been
reported to be associated with the occurrence of fibrosis (45).
Caspase‑3, which belongs to the Caspase family, links the

internal and external apoptosis signaling pathways, and
is the primary executor of cell apoptosis (46). p53, another
apoptosis‑related gene, is an important essential regulator of
the cell cycle and DNA repair that induces cell apoptosis (47).
A study conducted by Wang et al (48) demonstrated that
IL‑6 downregulated Bcl‑2 expression levels and upregulated
caspase‑3 expression levels, thereby promoting myocardial
cell apoptosis under hypoxic incubation and delaying MF
progression. Another study reported that Boschniakia rossica
polysaccharide induced laryngeal cancer cell apoptosis by
regulating Bcl‑2, caspase‑3 and p53 expression levels, and
displayed potential anticancer activity (49). Based on the
aforementioned studies and the results of the present study,
it was hypothesized that MMP3 knockdown may facilitate
fibrotic myocardial cell apoptosis by downregulating Bcl‑2
expression levels, and upregulating caspase‑3 and p53 expres‑
sion levels.
In addition, oxidative stress has been reported to partici‑
pate in MF remodeling and serves an important function
in the occurrence and development of HF (15). Oxidative
stress is defined as excessive reactive oxygen species (ROS)
relative to antioxidant defenses, and is advanced in HF (50).
ROS can mediate cell apoptosis and MMPs, leading to
ECM remodeling (51). MMP3 and MMP9 are extracellular
zinc proteases that serve vital roles in the development and
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Figure 6. Effects of MMP3 on mRNA expression levels in H9C2 cells. (A) Axl, (B) AT1R, (C) Bcl‑2, (D) Caspase‑3, (E) p53, (F) α‑SMA, (G) Collagen I,
(H) MMP3, (I) MMP9, (J) STAT3, (K) p22Phox and (L) p47Phox mRNA expression levels in H9C2 cells were measured via reverse transcription‑quantitative
PCR. *P<0.05 vs. control; #P<0.05 vs. MF; $P<0.05 vs. MF+ levocarnitine. MMP, matrix metalloproteinase; Axl, AXL receptor tyrosine kinase; AT1R, angio‑
tensin II receptor type 1; α‑SMA, α‑smooth muscle actin; MF, myocardial fibrosis; siRNA, small interfering RNA; NC, negative control.

progression of atherosclerosis (52). Zhang et al (53) reported
that resveratrol downregulated MMP3 and MMP9 expression
levels in lipopolysaccharide (LPS)‑treated human umbilical
vein endothelial cells, and reduced LPS‑induced MMP3 and
MMP9 secretion. The present study indicated that MMP3
and MMP9 expression levels were downregulated by MMP3

knockdown in AngII‑treated cells, which suggested that
MMP3 knockdown influenced ECM remodeling by regulating
MMP3 and MMP9 expression. STAT3, a potential nuclear
transcription factor, is involved in oxidative stress, and endog‑
enous STAT3 serves an essential roles in preventing heart
diseases, such as age‑associated HF and ischemia/reperfusion
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Figure 7. Effects of MMP3 on protein expression levels in H9C2 cells. Protein expression levels were (A) determined via western blotting and semi‑quantified for
(B) MMP3, (C) Caspase‑3 and (D) p53. *P<0.05 vs. control; #P<0.05 vs. MF. MMP3, matrix metalloproteinase 3; MF, myocardial fibrosis; siRNA, small interfering
RNA; NC, negative control.

injury (54). Han et al (55) reported that AngII induced STAT3
activation, and STAT3 inhibition in mice protected against
AngII‑induced fibrosis and cardiac dysfunction. In addition,
p22Phox and p47Phox, oxidative stress‑related genes, are
associated with HF (56). In the present study, MMP3 knock‑
down significantly decreased STAT3, p22Phox and p47Phox
expression levels in AngII‑treated cells. Collectively, the
results indicated that MMP3 knockdown may relieve oxidative
stress by downregulating MMP3, MMP9, STAT3, p22Phox
and p47Phox expression levels, thus suppressing MF progres‑
sion and preventing HF.
However, the present study had a number of limitations.
For example, the relationship between MMP3 and oxidative
stress requires further investigation, and the roles of MMP3 in
MF should be further verified in vivo.
In conclusion, compared with the control group, AngII
successfully induced fibrosis in rat myocardial cells,
inhibited H9C2 cell viability and migration, and promoted
H9C2 cell apoptosis. Therefore, MMP3 knockdown may
downregulate MF biomarkers and delay MF progression by
regulating fibrotic cell viability, migration and apoptosis.
Additionally, the results indicated that MMP3 knockdown
may alter myocardial fibroblast cell proliferation by medi‑
ating the expression levels of apoptosis‑ and oxidative
stress‑related genes. The present study provided novel
insights for the development of therapeutic strategies for HF

and other cardiovascular diseases based on MF, indicating
that MMP3 may serve as a potential therapeutic target to
promote cardiovascular health and prolong the lives of
elderly patients.
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