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Abstract
Fibrotic remodelling contributes to heart failure in myocardial infarction. MicroRNAs (miRNAs) play a crucial role in
myocardial fibrosis. However, current antifibrotic therapeutic strategies using miRNAs are far from effective. In this
study, we aim to investigate the effect of miR-96-5p on cardiac fibrosis. Our work reveals a significant upregulation
of miR-96-5p level in the ventricular tissues of myocardial infarction mice, as well as in neonatal rat cardiac fibro-
blasts stimulated with TGF-β or Ang II as shown by qPCR assay. In myocardial infarction mice, miR-96-5p knock-
down using antagomir alleviates the aggravated cardiac fibrosis and exacerbated myocardial function caused by
myocardial infarction surgery as shown by the echocardiography and Masson’s staining analysis. In contrast,
immunofluorescence staining results reveal that miR-96-5p overexpression in neonatal rat cardiac fibroblasts
contributes to an increase in the expressions of fibrosis-associated genes and promotes the proliferation and
differentiation of cardiac fibroblasts. Conversely, miR-96-5p downregulation using inhibitor presents adverse
consequences. Furthermore, Smad7 expression is downregulated in fibrotic cardiac tissues, and the Smad7 gene is
identified as a direct target of miR-96-5p by dual luciferase assay. Indeed, Smad7 knockdown weakens the anti-
fibrotic effect of the miR-96-5p inhibitor on cardiac fibroblasts. Moreover, Smad3 phosphorylation is elevated in
fibrotic cardiac tissues, and interestingly, the Smad3 inhibitor suppresses the profibrotic effect of the miR-96-5p
mimic. Taken together, our findings demonstrate that the Smad7/Smad3 signaling pathway mediates the profi-
brotic effect of miR-96-5p in cardiac fibrosis.
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Introduction
As one of the most prevalent cardiovascular diseases, myocardial
infarction (MI) leads to severe morbidity and mortality worldwide
[1]. This multigene disease is characterized by chronic complicated
fibrotic remodelling and cardiomyocyte hypertrophy [2]. Cardiac
fibrosis participates in ventricle remodelling by preserving the
structural and functional integrity of injured ventricles at the initial
stage and progressively causing cardiac contractile dysfunction at
later stages, resulting in lethal arrhythmia and heart failure [3,4].
Effective therapies for cardiac fibrosis can ameliorate cardiac
function and improve the prognosis of MI. Nevertheless, valid
and clinically safe treatment modalities are lacking [5]. Hence,

developing novel functional therapeutic targets is essential to
facilitate the clinical intervention of cardiac fibrosis.

Understanding the cardiac fibrotic process and its underlying
mechanisms is pivotal for identifying novel anti-fibrotic regulators.
The progression of cardiac fibrosis is determined by three
distinguishing features: the proliferation of cardiac fibroblasts
(CFs), fibroblast-to-myofibroblast transition (FMT), and excessive
extracellular matrix (ECM) deposition [6]. CFs are the main cells
responsible for cardiac fibrosis; they transform into myofibroblasts
under environmental stimuli or pathologic stresses, disrupting
homeostasis between fibrillar collagen degradation and synthesis
[7]. Myocardial interstitial collagen deposition perturbs the ven-
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tricular architecture and cardiac function as a consequence [8].
There are various molecular mechanisms underlying myocardial
fibrosis, including the renin/angiotensin/aldosterone system, nu-
merous inflammatory cytokines, transforming growth factor β
(TGF-β), and platelet-derived growth factor [9]. The TGF-β/SMAD
and Wnt pathways also strongly contribute to myocardial fibrosis
[10,11].

It is well established that microRNAs (miRNAs) are implicated in
mediating cardiac fibrosis. miRNAs are small noncoding single-
stranded RNAs that specifically recognize and bind with the 3′-UTR
of target mRNAs, leading to posttranscriptional degradation of
downstream genes [12]. miRNAs regulate nearly 60% of protein-
coding genes involved in multiple biological processes, such as
differentiation, proliferation, aging, and apoptosis [13]. Several
studies have verified that miRNAs are intimately associated with
cardiac fibrosis. For example, miR-214-3p and miR-451a exert anti-
fibrotic properties, while miR-21 and miR-99-3p exhibit pro-fibrotic
effects [14–17].

An unexplored candidate, miR-96-5p, which was previously
focused in the field of tumor development [18,19], has been recently
explored in fibrosis-associated studies. For example, it can promote
the differentiation of orbital fibroblasts [20]. Moreover, it is
upregulated in viral hepatitis B-induced hepatic fibrosis [21].
Another study reported that the miR-96-5p level was enhanced in
human fibrotic liver tissues and suppressed profibrogenic activation
of hepatic stellate cells [22]. For renal fibrosis, miR-96-5p exerted an
antifibrotic effect on diabetic kidney disease [23]. Meanwhile, miR-
96-5p lowered hypoxia-induced apoptosis in cardiomyocytes [24].
Nonetheless, the precise function of miR-96-5p in cardiac fibrosis
remains unknown and hence warrants further investigation.

The TGF-β pathway possesses multifunctional roles in organ
fibrosis and other essential biological regulatory mechanisms, in
which Smad3 is a confirmed major downstream molecule [25,26].
In injuries, secretion of TGF-β1 and activation of the Smad pathway
are two main inducers of FMT and ECM synthesis [27]. In addition
to TGF-β1, Smad3 can also be activated by angiotensin II (Ang II), a
critical mediator of the renin–angiotensin system and contributor to
hypertension [28]. In the TGF-β/Smad signal transduction pathway,
Smad7 acts as a negative regulator that can inhibit cardiac fibrosis
by blocking the phosphorylation and activation of Smad3 or Smad2
[29]. MiR-192 and miR-217 have been identified as key mediators of
cardiac fibrosis triggered by TGF-β and Smad3 phosphorylation
[30]. Previous research demonstrated that miR-21 promoted cardiac
fibrosis by targeting Smad7 [31]. However, whether miR-96-5p
affects myocardial fibrosis through TGF-β/Smad pathway is
unknown.

In the present study, we investigated the effect of miR-96-5p on
cardiac fibrosis. We found that miR-96-5p was upregulated both in
the cardiac infarct zone after MI and fibrotic neonatal rat cardiac
fibroblasts (NRCFs). MI-induced cardiac fibrosis and dysfunction
were attenuated by systemic delivery of miR-96-5p antagomir. The
miR-96-5p mimic enhanced the expression levels of fibrosis-
associated genes in NRCFs and accelerated their proliferation and
differentiation. Furthermore, Smad7 was validated as a direct
target gene of miR-96-5p; it affected cardiac fibrosis through
downstream Smad3 signaling. Collectively, our results support the
profibrotic effect of miR-96-5p on myocardial fibrosis, providing a
potential therapeutic target for the treatment of cardiac fibrosis
following MI.

Materials and Methods
Ethics statement
Animals were handled according to the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of
Health (NIH, 8th Edition, National Research Council, 2011).
Experimental protocols for animals were approved by the Animal
Ethical Committee of Nanjing Drum Tower Hospital (Approval No.
2021AE01061).

Isolation, culture, and treatment of cells
Neonatal SD rats (1–3 days old) were obtained from Hangzhou
Medical College (Hangzhou, China). The cardiac tissues of neonatal
rats were digested with 0.25% trypsin (Beyotime, Shanghai, China).
The cell pellets were cultured in 10-cm dishes in DMEM (Keygen,
Nanjing, China) supplemented with 10% fetal bovine serum (FBS;
Gibco, Grand Island, USA) and 1% streptomycin/penicillin. After
2 h, the cell cultures were subject to gravity separation: the
supernatant was collected and centrifuged (800 g, 5 min) to acquire
the neonatal rat cardiac myocytes (NRCMs); and the attached cells
were NRCFs. Both NRCFs and NRCMs were maintained in DMEM
containing 10% FBS, 1% streptomycin/penicillin in 5% CO2 at 37°
C. For the construction of two cell fibrosis models, second-passage
NRCFs were stimulated using TGF-β1 (20 ng/mL; Peprotech, Rocky
Hill, USA) or Ang II (200 nM; Sigma, St Louis, USA) for 48 h.

Transfections of the NC mimic (miR01101, 100 nM; RiboBio,
Guanzhou, China) or miR-96-5p mimic (miR10000818, 100 nM;
RiboBio), NC inhibitor (miR02101, 200nM; RiboBio) or miR-96-5p
inhibitor (miR20000818, 200 nM; RiboBio), NC siRNA (forward: 5′-
UUCUCCGAACGUGUCACGUTT-3′ and reverse: 5′-ACGUGACACGU
UCGGAGAATT-3′, 50 nM; Sangon, Shanghai, China) or Smad7
siRNA (forward 5′-CTCCAGATACCCGATGGATTT-3′ and reverse
5′-AAATCCATCGGGTATCTGGAG-3′, 50 nM; Sangon) were per-
formed in growth medium (DMEM+1% FBS) using Lipofectamine
2000 (Invitrogen, Carlsbad, USA) according to the manufacturer’s
instructions. The Smad3 inhibitor SIS3 (1 μM; Sigma) was used to
treat NRCFs for 48 h in the presence of miR-96-5p mimic.

Quantitative real-time polymerase chain reaction (qPCR)
TRIzol reagent (Invitrogen) was used to extract total RNA from the
cells or left ventricles. The RNA concentration was measured with a
NanoPhotometer (IMPLEN, Munich, Germany). RNA was reversely
transcribed into cDNA using 400 ng of purified RNA with the
PrimeScript RT reagent kit (Takara, Tokyo, Japan). qPCR was
performed on a QuantStudio Real-Time PCR Instrument (Thermo
Fisher, Waltham, USA). The Bio-Rad SYBR qPCR kit (Bio-Rad,
Hercules, USA) was employed to detect mRNA levels, and the
Bulge-LoopTM miRNA qPCR Primer Set (Ribobio) was used to detect
miRNA levels. qPCR was performed under the following condition:
denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for
15 s and 60°C for 1 min. 2−ΔΔCt method was used to calculate the
relative values of mRNA and miRNA [32]. mRNA expression was
normalized to 18S RNA, while expression of miRNA was normal-
ized to 5S RNA. Primer sequences are listed in Table 1.

Immunofluorescence staining and EdU assay
NRCFs were fixed in 4% formaldehyde for 20 min, followed by
permeabilization with 0.2% Triton X-100 for 15 min. The mono-
layers were then incubated with α-SMA-Cy3 (1:200; Sigma) for 2 h.
Afterward, an EdU assay was performed using the kFluor488 Click-
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iT EdU kit (Keygen) according to the standard procedure. Cell nuclei
were stained with DAPI. Fluorescence was visualized under a
fluorescence microscope (Thunder Imager; Leica Microsystem,
Wetzlar, Germany). The numbers of EdU+ cells and DAPI+ cells
and the fluorescence intensity of α-SMA were measured by ImageJ
software (NIH, Bethesda, USA).

Western blot analysis
NRCFs or left ventricular tissues were homogenized in lysis buffer
containing PMSF (Keygen). To obtain proteins of high purity,
lysates were centrifuged at 12,000 g for 15 min. The bicinchoninic
acid protein assay kit (Thermo Fisher) was used to measure the
protein concentration. Each sample containing 20 μg of protein was
separated by 10% SDS-PAGE (Bio-Rad) and then transferred onto a
PVDF membrane (Millipore, Billerica, USA). Thereafter, the
proteins were probed with primary antibodies against α-SMA
(1:1000; Abclonal, Wuhan, China), CTGF (1:500; Abclonal), Col1a1
(1:1000; Abclonal), Col3a1 (1:1000; Abclonal), Smad7 (1:500;
Abclonal), Smad3 (1:500; Abclonal), phospho-Smad3 (1:500;
Abclonal), and GAPDH (1:2000; Abclonal). Subsequently, the
membranes were incubated with a secondary antibody, namely,
HRP-linked goat anti-rabbit IgG (1:5000; Abclonal). Finally, the
signals were detected using an ECL kit (Tanon, Shanghai, China) on
an imaging system (Tanon), and the blots were quantified with
ImageJ software.

miRNA target prediction
miRDB (http://mirdb.org/), TargetScan (http://www.targetscan.
org), and miRecords (http://c1.accurascience.com/miRecords/)
were applied to predict potential targets of miR-96-5p. In total,
144 miRNAs overlapped on these three websites.

Dual luciferase assay
PCR amplification was performed to acquire the 3′UTR fragment of
Smad7 containing the target site of miR-96-5p. The PCR products
were cloned into the pmirGLO Dual Luciferase vector (Promega,
Madison, USA) to obtain the Smad7 vector. After 48 h of
transfection, 293T cells were harvested, and luciferase activity
was determined with a Dual-luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. Firefly
luciferase activity was normalized to Renilla luciferase activity.

Animal study
All animals were maintained in the Laboratory Animal Center of

Nanjing Drum Tower Hospital (Nanjing, China), where the
temperature (22°C), light (12 h light-dark cycle), and humidity
are well controlled. Eight-week-old male C57BL/6 mice weighing
25 g (Hangzhou Medical College, Hangzhou, China) were subject to
sham or MI surgery. Prior to surgery, the mice were injected with
NC antagomir (miR3N0000003; RiboBio) or miR-96-5p antagomir
(miR30000541; RiboBio) at 80 mg/kg via the tail vein for 3
consecutive days. During MI surgery, mice were intubated after
anesthesia, and then the fourth ribs were cut. Then, a 7-0 silk suture
was used to ligate the left anterior descending artery. Finally, a 6-0
silk suture was used to close the skin. Mice in the sham group were
also subjected to the aforementioned procedure, but the arteries
were not ligated. Then, 6 mice were used for miRNA sequencing, of
which 3 mice underwent sham operation and the remaining mice
underwent MI surgery. Another 20 mice were divided into 4 groups
(sham+NC antagomir, sham+miR-96-5p antagomir, MI+NC
antagomir, and MI+miR-96-5p antagomir), with 5 mice in each
group. All mice were sacrificed for subsequent experiments 3 weeks
post-MI after an echocardiographic assessment.

Echocardiographic study
Three weeks after the surgery, ventricular function was evaluated
with an ultrasound Vevo 3100 system (VisualSonics Inc, Toronto,
Canada) equipped with a 30 MHz phased array ultrasonic probe.
Cardiac function was assessed by measuring fractional shortening
(FS), ejection fraction (EF), left ventricle internal diameter during
systole (LVIDs) and left ventricle internal diameter during diastole
(LVIDd) with Vevo 3100 system from the cardiac long axis at the
papillary muscle level.

MiRNA sequencing (miR-Seq) and identification of
differentially expressed genes
RNA was extracted from 50 mg ventricular tissue using the
Universal RNA Extraction Mini Kit (Aowei Biotech Co., Ltd, Foshan,
China). Libraries for sRNA sequencing were prepared using the
VAHTS Small RNA Library Prep Kit for Illumina (Vazyme, Nanjing,
China) by Xu Ran Biotechnology Co., Ltd (Shanghai, China). In
addition, 1 μg of total RNA was used as the input for RNA adapter
ligation (using 3′ and 5′ RNA adapters) prior to reverse transcription
and PCR amplification with bar-coded primers. Magnetic beads
were used to recover the fractions containing mature miRNAs from
the PCR products. The resulting small RNA libraries were
concentrated by ethanol precipitation and quantified using a Qubit
2.0 Fluorometer (Thermo Fisher) prior to sequencing on a

Table 1. Sequences of primers used in this study for qPCR

Gene Species Forward primer (5′→3′) Reverse primer (5′→3′)

α-SMA Mouse GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA

Rat GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA

Col1a1 Mouse TCTAGACATGTTCAGCTTTGTGGAC TCTGTACGCAGGTGATTGGTG

Rat GAGCGGAGAGTACTGGATCGA CTGACCTGTCTCCATGTTGCA

Col3a1 Mouse CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC

Rat TGCCATTGCTGGAGTTGGA GAAGACATGATCTCCTCAGTGTTGA

18s Mouse TCAAGAACGAAAGTCGGAGG GGACATCTAAGGGCATCAC

Rat TCAAGAACGAAAGTCGGAGG GGACATCTAAGGGCATCAC

BNP Rat GCTGCTGGAGCTGATAAGAGAA GTTCTTTTGTAGGGCCTTGGTC

Smad7 Rat CCGTGCAGATTAGCTTCGT TCCTCTTCTCCCCACACC
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NovaSeq6000 sequencer (Illumina, San Diego, USA) with read
lengths of 50 base pairs and 15 million single-end reads per sample,
on average.

Raw reads were first filtered based on stringent read quality
control and then aligned and mapped to the Ensembl GRCh38
human reference genome using Bowtie. Mapped reads were
subsequently annotated using genome annotation data from
miRBase. The sum of all isomiR reads from the canonical mature
miRNA locus was used for miRNA expression analysis. Differen-
tially expressed miRNAs were identified using the DESeq software
1.34.1.

Masson’s collagen staining
Myocardial specimens were fixed in 4% paraformaldehyde and
then dehydrated using gradient ethanol. Tissues were sliced into 5-
μm sections after being embedded in paraffin, and Masson staining
was performed using Masson kit (Keygen) according to the
manufacturer’s protocol. Images of the stained slices were captured
with an optical microscope (BX43; Olympus, Tokyo, Japan). The
collagen volume fraction was determined by calculating the
collagen area/total area using ImageJ software.

Statistical analysis
Data were analysed using Prism 6 (GraphPad Software, San Diego,
USA) and SPSS 18.0 (IBM, Armonk, USA). The results are presented
as the mean±SD of 3, 5 or 6 duplicates. Student’s t-test was used to
compare differences between the two groups. One-way ANOVA
was employed to compare differences among three or four groups.
P<0.05 was considered statistically significant.

Results
miR-96-5p expression is elevated in cardiac fibrosis
Total RNA was extracted from ventricular tissues of sham and MI
mice for miR-seq to determine the miRNAs responsible for cardiac
fibrosis after MI (Figure 1A and Supplementary Table S1). A series
of miRNAs were dysregulated in the MI group, among which miR-
96-5p expression was significantly upregulated. miR-96-5p has
previously been studied in orbital fibroblast differentiation and in
liver and kidney fibrosis [20–23]. These previous conclusions made
our experiments more evidence-based. However, miR-96-5p has not
been associated with cardiac fibrosis so far. The other miRNAs
listed in Supplementary Table S1 with higher fold change than miR-
96-5p, such as miR-382-5p, miR-411-5p, miR-370-3p, and miR-31-
5p, as well as their relationships with fibrosis in any other organ
have never been studied. miR-199a-5p and miR-136-5p were shown
to promote cardiac fibrosis [33,34], while miR-455-3p was proven to
inhibit the process of myocardial fibrosis [35]. Thus, the role of miR-
96-5p in cardiac fibrosis was assessed in this study.

The qPCR array validated that the miR-96-5p level was markedly
elevated in the infarct zone of the heart and this upregulation was
accompanied by an increase in alpha-smooth muscle actin (α-SMA)
expression, which is a sensitive indicator of fibrosis (Figure 1B,C).
Additionally, miR-96-5p expression was evidently upregulated in
the two different cardiac fibrosis models of TGF-β- or Ang-II-treated
NRCFs (Figure 1D,E). In addition to cardiac fibroblasts, cardiomyo-
cytes are another major cell type in the heart. Our results revealed
that miR-96-5p was more enriched in NRCFs than in NRCMs (Figure
1F). Collagen type I alpha 1 (Col1a1) and Col3a1 are predominant
cardiac collagens, while brain natriuretic peptide (BNP) is a marker

of pathological hypertrophy. However, we found that their levels
were unaffected by miR-96-5p in NRCMs (Figure 1G,H). Given that
increased miR-96-5p expression might be related to cardiac fibrosis,
its role was explored in cardiac fibroblasts but not in cardiomyo-
cytes.

Inhibition of miR-96-5p ameliorates cardiac fibrosis after
MI in mice
To investigate whether miR-96-5p is responsible for MI-induced
fibrotic remodelling in vivo, a mouse model of MI-induced cardiac
fibrosis was established after administration of NC antagomir or
miR-96-5p antagomir into different groups of mice via tail vein
injection. Hence, four groups were established: sham+NC antag-
omir, sham+miR-96-5p antagomir, MI+NC antagomir, and MI+
miR-96-5p antagomir. qPCR results revealed that miR-96-5p
expression was effectively knocked down by the miR-96-5p
antagomir (Figure 2A). In subsequent research, the degree of
cardiac fibrosis and cardiac function was not significantly altered
under normal conditions. Echocardiography revealed that EF and
FS were markedly decreased, whereas LVIDs and LVIDd were
elevated in MI hearts. Meanwhile, miR-96-5p deficiency attenuated
the impaired cardiac structure and function following MI (Figure
2B). Next, the degree of myocardial fibrosis was assessed by
Masson’s staining. The results showed that miR-96-5p inhibition
reduced the fibrotic areas in MI heart tissue sections (Figure 2C).
Consistently, the mRNA and protein levels of Col1a1, Col3a1, and α-
SMA in the MI+miR-96-5p antagomir group were lower than those
in the MI+NC antagomir group, as was the protein level of
connective tissue growth factor (CTGF) (Figure 2D,E). These results
implicated the role of miR-96-5p in cardiac fibrosis induced by MI.

miR-96-5p regulates the proliferation and differentiation
of cardiac fibroblasts in vitro
In a subsequent experiment, the function of miR-96-5p in cardiac
fibrosis with NRCFs was explored. First, the miR-96-5p mimic and
inhibitor effectively regulated miR-96-5p expression in NRCFs
(Figures 3A and 5A). miR-96-5p overexpression enhanced the
mRNA levels of Col1a1, Col3a1, and α-SMA under basal conditions.
Increases in the mRNA expressions of fibrosis-related genes were
observed in TGF-β-treated NRCFs. However, miR-96-5p over-
expression failed to further increase the mRNA levels of these
genes in TGF-β-stimulated NRCFs (Figure 3B). Immunofluorescence
staining was utilized to assess proliferation and differentiation
abilities. The proliferation of NRCFs was determined by calculating
the EdU+ cell number/DAPI+ cell number, and the differentiation
of NRCFs was indicated by the fluorescence intensity of α-SMA. As
expected, the miR-96-5p mimic improved both abilities of NRCFs at
the basal level in the absence of TGF-β (Figure 3C). Consistent with
the above results, the miR-96-5p mimic elevated the protein levels
of Col1a1 and α-SMA in NRCFs (Figure 3D). Similar results were
obtained in the cell model of myocardial fibrosis stimulated with
Ang II, corroborating the effect of the miR-96-5p mimic in NRCFs
(Figure 4). In contrast, the miR-96-5p inhibitor had the opposite
effects both under basal conditions and after treatment with TGF-β
or Ang II (Figures 5 and 6). Taken together, these results confirmed
that miR-96-5p facilitates cardiac fibrosis in vitro.

Smad7 is a direct target of miR-96-5p
To elucidate the underlying molecular mechanisms, three databases
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(TargetScan, miRDB, and miRecords) were used to search for
potential fibrosis-associated targets of miR-96-5p (Figure 7A).
Finally, 144 potential candidates were identified, among which
Smad7 was verified to have an established role in regulating cardiac
fibrosis [29]. The databases revealed conserved binding sites
between miR-96-5p and Smad7. Next, dual-luciferase reporter
assay showed that wild-type (WT) Smad7 was repressed by miR-
96-5p, whereas mutant Smad7 was not (Figure 7B). As miRNAs
regulate target genes at the posttranscriptional level, western blot
analysis was performed and the results revealed that the protein
level of Smad7 was negatively regulated by miR-96-5p (Figure 7C).
These data demonstrate that Smad7 is a direct target gene of miR-
96-5p.

Additionally, we examined whether Smad7 mediates the effect of
miR-96-5p on myocardial fibrosis. Contrary to the miR-96-5p
variation tendency, the protein level of Smad7 was lower in NRCFs
exposed to TGF-β or Ang II than in the control (Figure 7D). The
Smad7 siRNA used in the following experiments effectively silenced
the expression of Smad7 (Figure 7E). Functional rescue experiments
confirmed that Smad7 knockdown weakened the anti-fibrotic effect

of the miR-96-5p inhibitor (Figure 8). Altogether, these data strongly
supported the hypothesis that Smad7 is a direct target gene
mediating the effect of miR-96-5p in cardiac fibrosis.

miR-96-5p promotes cardiac fibrosis by regulating the
Smad7/Smad3 signaling pathway
Since Smad7 was proven to limit fibrosis progression by blocking
TGF-β1/Smad signaling pathway, we further explored whether
miR-96-5p promotes cardiac fibrosis by modulating Smad7 and its
downstream effector Smad3, which is vital for the activation of
cardiac fibroblasts [29]. Western blot analysis revealed that Smad7
knockdown activated Smad3 phosphorylation (Figure 9A). Smad7
expression was decreased, whereas the phosphorylation level of
Smad3 was elevated in fibrotic heart tissue, compared with those in
the sham group (Figure 9B). In addition, the Smad3 inhibitor
downregulated the levels of Col1a1, Col3a1, and α-SMA, thereby
reducing the proliferation and differentiation of NRCFs. Interest-
ingly, the Smad3 inhibitor blocked the profibrotic effect of the miR-
96-5p mimic (Figure 9C–E). These results indicated a potential
correlation between miR-96-5p and Smad7/Smad3 signaling in

Figure 1. Increased miR-96-5p is associated with cardiac fibrosis (A) miR-seq analysis of cardiac samples from mice undergoing sham and MI
surgeries (n=3). (B) The relative mRNA level of α-SMA (n=5). (C) qPCR analysis of miR-96-5p expression (n=5). (D,E) The relative α-SMA mRNA
and miR-96-5p expression levels of two in vitro cardiac fibrosis models (NRCFs stimulated with 20 ng/mL TGF-β or 200 nM Ang II for 48 h, n=5). (F)
miR-96-5p levels in NRCFs versus NRCMs (n=5). (G) Expression of miR-96-5p in NRCMs transfected with miR-96-5p mimic or inhibitor (n=5). (H)
The relative mRNA levels of BNP, Col1a1, and Col3a1 in NRCMs transfected with miR-96-5p mimic or inhibitor (n=5). *P<0.05, **P<0.01,
***P<0.001 vs corresponding controls.
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regulating cardiac fibrosis.

Discussion
The current study illustrated the relationship between miR-96-5p
and cardiac fibrosis both in vitro and in vivo. First, the MI mouse
model was constructed. Based on the analysis of miR-seq and qPCR,
miR-96-5p was enhanced in post-MI cardiac fibrosis. Inhibiting

miR-96-5p by antagomir preserved ventricular function and
attenuated cardiac fibrosis induced by MI. Second, at the cellular
level, TGF-β- or Ang II-treated NRCFs were used to construct cell
models. Gain- and loss-of-function experiments revealed that
overexpression of miR-96-5p accelerated cardiac fibroblast prolif-
eration and differentiation to myofibroblasts, whereas miR-96-5p
inhibition reversed these effects. Third, dual luciferase reporter

Figure 2. Inhibition of miR-96-5p alleviates myocardial fibrosis in post-MI mice (A) qPCR analysis of miR-96-5p expression in the heart chamber
(n=5). (B) Mouse cardiac function was measured by EF%, FS%, LVIDs, and LVIDd (n=5). (C) Images and measurement of Masson’s trichrome-
stained cardiac sections (n=5). Upper scale bar: 1 mm; lower scale bar: 200 μm. (D) The relative mRNA levels of Col1a1, Col3a1, and α-SMA in
ventricular tissues (n=5). (E) Protein levels of Col1a1, Col3a1, CTGF, and α-SMA in ventricular tissues determined by western blot analysis (n=5).
*P<0.05, **P<0.01, ***P<0.001 vs corresponding controls.
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assay and functional rescue experiment revealed that miR-96-5p
promoted cardiac fibrosis by directly targeting the downstream
Smad7/Smad3 signaling pathway.

The number of MI patients and relevant medical insurance costs

have been rising annually, and optimal therapies are urgently
needed for MI [36]. Most chronic cardiovascular diseases are
characterized by pathological features of cardiac fibrosis [16].
Control of fibrosis is beneficial in attenuating heart failure caused by

Figure 3. Effect of miR-96-5p mimic on the fibrosis degree of NRCFs stimulated by TGF-β (A) Expression of miR-96-5p in NRCFs transfected with
mimic (n=5). (B) Relative mRNA levels of fibrosis-associated genes normalized to 18 s in NRCFs (n=5). (C) NRCF proliferation was evaluated using
EdU, and NRCF differentiation was evaluated using immunofluorescence staining of α-SMA (n=5). Scale bar: 200 μm. (D) Western blot analysis
was performed to determine the protein levels of Col1a1 and α-SMA in NRCFs (n=6). **P<0.01, ***P <0.001 vs corresponding controls.
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myocardial infarction. Unfortunately, a cure for cardiac fibrosis has
not yet been developed [37]. Various studies have focused on the
roles of miRNAs in different types of human disorders, including
cardiac fibrosis. Manipulation of these miRNAs seems to be a

promising therapeutic modality for fibrosis [38].
Previous research concerning the roles of miR-96-5p in tumors

and fibrosis reached contradictory conclusions. miR-96-5p was
found to enhance the proliferative and migratory abilities of breast

Figure 4. Effect of miR-96-5p mimic on NRCFs in the presence of Ang II (A) qPCR was used to detect the mRNA levels of profibrotic genes in
NRCFs (n=5). (B) Proliferation and differentiation of NRCFs determined by immunofluorescence staining of EdU and α-SMA (n=5). Scale bar:
200 μm. (C) Protein expressions of Col1a1 and α-SMA in NRCFs (n=6). *P<0.05, **P<0.01, ***P<0.001 vs corresponding controls.
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cancer cells [39]. In contrast, it inhibited the proliferation of
pancreatic carcinoma cells [40]. For liver and renal fibrosis, miR-96-

5p suppressed profibrogenic activation of hepatic stellate cells [22]
and restrained fibrosis in diabetic kidney disease [23]. These studies

Figure 5. miR-96-5p inhibition suppresses the level of fibrosis in NRCFs in the presence of TGF-β (A) Expression of miR-96-5p in NRCFs
transfected with inhibitor (n=5). (B) Relative mRNA levels of Col1a1, Col3a1, and α-SMA normalized to 18 s in NRCFs (n=5). (C) Proliferation and
differentiation degree of NRCFs evaluated by EdU/α-SMA staining (n=5). Scale bar: 200 μm. (D) Western blot analysis of the protein levels of
fibrosis-related genes in NRCFs (n=6). *P<0.05, **P<0.01, ***P<0.001 vs corresponding controls.
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imply that miR-96-5p has an intricate cell- or tissue-based specific
effect on fibrosis and cancer. Nevertheless, its role in cardiac
fibrosis has not yet been elucidated.

miR-96-5p was selected as a potential cardiac fibrosis-associated
microRNA from the miR-seq in view of its upregulation in cardiac
tissues post-MI. It was consistently increased in the two fibrotic cell

Figure 6. miR-96-5p inhibitor impedes the proliferation and differentiation abilities of NRCFs treated with Ang II (A) Relative mRNA levels of
Col1a1, Col3a1, and α-SMA detected by qPCR (n=5). (B) NRCF proliferation was indicated by EdU staining, while NRCF differentiation was
indicated by α-SMA staining (n=5). Scale bar: 200 μm. (C) Protein levels of fibrosis-associated genes in NRCFs detected by western blot analysis
(n=6). *P<0.05, **P<0.01, ***P<0.001 vs corresponding controls.
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models of NRCFs treated with TGF-β or Ang II. This observation is
not in line with another study describing that miR-96-5p expression
was markedly lower in the serum of acute myocardial infarction
patients and H9C2 cells under hypoxic conditions [24]. The animal
model employed in our study is a chronic myocardial infarction
model. All indicators of the in vivo experiments were measured
three weeks after MI surgery. Notably, the mechanism underlying
the occurrence and progression of fibrosis is complex, and effectors
are dynamically regulated in different time periods. However, the in
vivo experiments merely explored the role of miR-96-5p during the
late phase of myocardial fibrosis. Therefore, studies on the acute
and subacute phases are warranted to elucidate the optimal time
point for manipulating miR-96-5p.

In the case of sham surgery, miR-96-5p expression was
significantly downregulated by antagomir, but there was no
significant difference in the degree of fibrosis compared to the NC
antagomir group. In contrast, miR-96-5p inhibition downregulated
the degree of fibrosis at the basal level in the NRCF experiments.

This may be attributed to the influence of miR-96-5p on cardiac
fibroblasts being simpler in vitro, whereas the situation in vivo is
much more convoluted. Multiple pathways and factors participate
in the progression of myocardial fibrosis, and the organism can
produce physiological compensation for alterations in miR-96-5p
expression. In cellular experiments, the degree of fibrosis was
enhanced by the miR-96-5p mimic, whereas the mimic failed to
consistently increase the fibrosis level in response to TGF-β or Ang II
stimulation, most likely because the additional stimuli caused the
cells to approach the upper limit of fibrosis.

The TGF-β1 signaling pathway plays a dominant role in cardiac
fibrosis. Current overwhelming evidence shows that the activation
of Smad3 is essential for the occurrence and development of cardiac
fibrosis [41]. Smad7 can inhibit cardiac fibrosis by blocking Smad3
phosphorylation [29]. Our study established that Smad7 is a cardiac
fibrosis-associated downstream effector of miR-96-5p and may
mediate its effects through Smad3. Nevertheless, we only studied
the underlying mechanism at the cellular level, and it is imperative

Figure 7. Smad7 is a direct target of miR-96-5p (A) Potential targets of miR-96-5p were predicted using three databases. (B) Smad7 was identified
as the direct target of miR-96-5p by dual luciferase reporter assay (n=3). (C) Protein level of Smad7 in NRCFs treated with miR-96-5p mimic or
inhibitor (n=6). (D) Protein level of Smad7 in NRCFs stimulated with TGF-β or Ang II (n=6). (E) The silencing efficiency of Smad7 siRNA was tested
by qPCR and western blot analysis (n=5). **P<0.01, ***P<0.001 vs corresponding controls.
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to study the phenotype and mechanism in transgenic or knockout
mice to validate our results in the future. In addition, blood samples
and cardiac biopsy specimens from MI patients will be collected to

confirm our results.
In summary, our study identified the biological role of miR-96-5p

in promoting cardiac fibrosis by targeting Smad7/Smad3 signaling.

Figure 8. Smad7 knockdown attenuates the anti-fibrotic effect of the miR-96-5p inhibitor on NRCF (A) mRNA levels of fibrosis-related genes in
NRCFs detected by qPCR (n=5). (B) The proliferation and differentiation abilities of NRCFs were assessed by EdU/α-SMA staining (n=5). Scale bar:
200 μm. (C) Protein levels of Col1a1 and α-SMA in NRCFs (n=6). *P<0.05, **P<0.01, ***P<0.001 vs corresponding controls.
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Figure 9. Smad7 mediates the effect of miR-96-5p by enhancing Smad3 phosphorylation (A) Knockdown of Smad7 activated Smad3
phosphorylation (n=6). (B) Protein levels of p-Smad3 and Smad7 in ventricular tissues of sham and MI mice (n=5). (C−E) The Smad3 inhibitor
weakened the effect of the miR-96-5p mimic on NRCFs, as evidenced by qPCR (n=5), EdU/α-SMA staining (n=5), and western blot analysis (n=6).
*P<0.05, **P<0.01, ***P<0.001 vs corresponding controls.
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This finding provides novel insights into potential therapeutic
candidates for fibrosis post MI.
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