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MicroRNA-99b-3p promotes angiotensin II-induced cardiac
fibrosis in mice by targeting GSK-3β
You-hui Yu1, Yu-hong Zhang1, Yan-qing Ding1, Xue-ying Bi1, Jing Yuan1, Hang Zhou1, Pan-xia Wang1, Li-li Zhang1 and Jian-tao Ye1

Cardiac fibrosis is a typical pathological change in various cardiovascular diseases. Although it has been recognized as a crucial risk
factor responsible for heart failure, there is still a lack of effective treatment. Recent evidence shows that microRNAs (miRNAs) play
an important role in the development of cardiac fibrosis and represent novel therapeutic targets. In this study we tried to identify
the cardiac fibrosis-associated miRNA and elucidate its regulatory mechanisms in mice. Cardiac fibrosis was induced by infusion of
angiotensin II (Ang II, 2 mg·kg−1·d−1) for 2 weeks via osmotic pumps. We showed that Ang II infusion induced cardiac disfunction
and fibrosis accompanied by markedly increased expression level of miR-99b-3p in heart tissues. Upregulation of miR-99b-3p and
fibrotic responses were also observed in cultured rat cardiac fibroblasts (CFs) treated with Ang II (100 nM) in vitro. Transfection with
miR-99b-3p mimic resulted in the overproduction of fibronectin, collagen I, vimentin and α-SMA, and facilitated the proliferation
and migration of CFs. On the contrary, transfection with specific miR-99b-3p inhibitor attenuated Ang II-induced fibrotic responses.
Similarly, intravenous injection of specific miR-99b-3p antagomir could prevent Ang II-infused mice from cardiac dysfunction and
fibrosis. We identified glycogen synthase kinase-3 beta (GSK-3β) as a direct target of miR-99b-3p. In CFs, miR-99b-3p mimic
significantly reduced the expression of GSK-3β, leading to activation of its downstream profibrotic effector Smad3, whereas miR-
99b-3p inhibitor caused anti-fibrotic effects. GSK-3β knockdown ameliorated the anti-fibrotic role of miR-99b-3p inhibitor. These
results suggest that miR-99b-3p contributes to Ang II-induced cardiac fibrosis at least partially through GSK-3β. The modulation of
miR-99b-3p may provide a new approach for tackling fibrosis-related cardiomyopathy.
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INTRODUCTION
Cardiac fibrosis, characterized by the activation of cardiac fibroblasts
(CFs) and excessive accumulation of extracellular matrix (ECM), is a
common pathological phenomenon in nearly all forms of heart
diseases. It triggers myocardial stiffness and impairs left ventricular
systolic and diastolic function, ultimately resulting in progression
towards heart failure, a leading cause of sudden death [1, 2].
The pathogenesis of cardiac fibrosis is complicated, and a variety
of pathophysiological stimuli, such as hemodynamic overload,
oxidative stress, inflammation and aging, have been demonstrated
to orchestrate the initiation of fibrotic responses and subsequent
cardiac remodeling [3]. However, our understanding of the
molecular mechanisms underlying cardiac fibrosis is still limited.
Currently, there are no specific therapeutics that can satisfactorily
reduce fibrosis-related morbidity and mortality [4, 5]. Thus, it is of
the utmost importance to further identify novel strategies and
agents for combating cardiac fibrosis.
MicroRNAs (miRNAs), a group of small endogenous noncoding

RNA molecules, have recently attracted increasing attention due to
their critical roles in controlling gene expression at the posttran-
scriptional level [6]. Most miRNAs are highly conserved across
species and negatively regulate downstream target genes by
inducing mRNA degradation or translational repression, thereby

participating in various cellular processes, including proliferation,
differentiation, survival and apoptosis [7]. Accumulating studies
have revealed the essential impact of miRNA dysregulation on the
pathogenesis of numerous diseases, especially cancer and cardio-
vascular disorders [8–10]. Patients and experimental animals with
cardiac fibrosis exhibit altered miRNA expression profiles, suggest-
ing that miRNAs may have potential implications as biomarkers or
therapeutic targets [11]. Moreover, several miRNAs have been
linked to the development and progression of cardiac fibrosis by
manipulating certain fibrogenic pathways. For example, the
upregulation of miR-21 can promote cardiac fibrosis by stimulating
the mitogen-activated protein kinase cascade [12]. MiR-125b also
contributes to fibrogenesis by functionally modulating apelin and
p53 [13]. In contrast, miR-29b suppresses transforming growth
factor beta (TGF-β) signaling, thereby playing a protective role
against cardiac fibrosis [14]. These facts highlight miRNA-based
therapy as a promising strategy to alleviate fibrotic damage in the
diseased heart.
Recently, we performed miRNA sequencing on left ventricular

tissues from angiotensin II (Ang II)-infused mice and observed that
the expression of miR-99b-3p was significantly elevated along
with extensive fibrotic changes, indicating its involvement in
cardiac fibrosis. The dysregulation of miR-99b-3p has been
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previously reported to be associated with tumor development and
progression. It promotes the metastasis and proliferation of
hepatocellular carcinoma but functions as a suppressor of oral
squamous cell carcinoma and gastric cancer [15, 16]. Nevertheless,
little is known about the potential influence of miR-99b-3p on the
cardiovascular system. The present study reveals that miR-99b-3p
participates in Ang II-induced cardiac fibrosis by targeting
glycogen synthase kinase-3 beta (GSK-3β), which may provide
new insight into the pathophysiological roles of miR-99b-3p.

MATERIALS AND METHODS
Animal model and echocardiography
C57BL/6 mice (male, weighing 18–22 g, SPF grade, Certification No.
44008500019764) were provided by the Experimental Animal Center
of Sun Yat-sen University. All animal experiments were approved by
the Research Ethics Committee of Sun Yat-Sen University and were
conducted in accordance with the Guide for the Care and Use of
Laboratory Animals published by National Institutes of Health. The
mice were treated with Ang II (2 mg·kg−1·d−1) for two weeks via
implanted Alzet osmotic pumps (Durect, Cupertino, CA, USA). The
animals in the control group received normal saline (NS). To inhibit
miRNA in vivo, a specific miR-99b-3p antagomir (ant-miR-99b-3p)
and a negative control antagomir (ant-NC) were purchased from
GenePharma (Shanghai, China). The mice were administered ant-
miR-99b-3p (12mg·kg−1·d−1) or an equal dose of ant-NC by tail vein
injection on the day before Ang II infusion and on days 2, 4, 7, 9, 12,
and 14 after Ang II infusion. Subsequently, cardiac function was
evaluated by a Technos MPX ultrasound system (Esaote, Genoa,
Italy) according to our previous report [17]. The echocardiographic
parameters left ventricular posterior wall thickness in diastole and
systole (LVPW;d and LVPW;s), left ventricular anterior wall thickness
(LVAW;d and LVAW;s), left ventricular internal dimension (LVID;d and
LVID;s), ejection fraction (EF), and fractional shortening (FS) were
recorded.

Histological and immunohistochemical examinations
After the echocardiographic measurement, the mice were sacrificed
by exposure to CO2. The hearts were quickly excised and weighed.
The ratios of heart weight to tibia length (HW/TL), heart weight to
body weight (HW/BW), and left ventricle weight to body weight
(LVW/BW) were calculated. Furthermore, cardiac tissues were fixed
with 4% paraformaldehyde, embedded in paraffin blocks and cut
into 5-μm thick sections. Hematoxylin-eosin (H&E) staining and Sirius
red staining were used to visualize the histological changes and
collagen deposition, respectively. The expression and distribution of
fibronectin, α-smooth muscle actin (α-SMA) and GSK-3β were
detected by immunohistochemistry.

Cell culture and transfection
Sprague-Dawley rats (male, weighing 150–200 g, SPF grade,
Certification No. 44008500019168) were obtained from the
Experimental Animal Center of Sun Yat-sen University. CFs were
isolated as described previously [18]. Cells were cultured with
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand Island,
NY, USA) containing 10% fetal bovine serum in an incubator at
37 °C with 5% CO2. MiR-99b-3p mimic, inhibitor, small interference
RNA for GSK-3β (si-GSK-3β) and relevant negative controls were
purchased from RiboBio (Guangzhou, China). Transfections of
CFs were performed by using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
For the miR-99b-3p mimic and inhibitor, the final concentrations
were 50 nM and 100 nM, respectively. Cells were harvested at 6 h
after transfection for subsequent treatments.

Cell proliferation and migration assays
CFs were seeded into 96-well plates at a density of 5 × 103 cells per
well and then incubated with 10 μM 5-ethynyl-2-deoxyuridine (EdU,

RiboBio) for 24 h. After that, cells were fixed and stained with
Hoechst 33342. Images were captured by a fluorescence microscope
(Thermo Fisher Scientific, Rockford, IL, USA). EdU-positive cells were
counted to determine the proliferation of CFs. For the measurement
of cell migration, CFs were seeded into 6-well plates, and then a
scratch wound was generated using a pipette tip. Cells were further
cultured in a humidified incubator at 37 °C and imaged under an
inverted microscope. The wound closure rate was calculated.

Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from cultured CFs or fresh cardiac tissues
with TRIzol reagent (Invitrogen) and converted into cDNA using a
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific). Polymerase chain reaction was performed to determine
the mRNA levels of fibronectin, collagen I, collagen III and α-SMA
with SYBR Green qPCR Master Mix (Toyobo Life Science, Osaka,
Japan) by a PikoReal qPCR system (Thermo Fisher Scientific). The
results were normalized to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) expression. To quantify miR-99b-3p, the RT
product was obtained by using the Bulge-Loop miRNA RT-PCR
Starter Kit (RiboBio). All PCR primers were synthesized by Sangon
Biotech (Shanghai, China) as shown in Supplementary Table S1.

Western blotting
Proteins were extracted from CFs or cardiac tissues by using a
mixture of phenylmethylsulfonyl fluoride (Sigma, Saint Louis, MO,
USA) and RIPA lysis buffer (Beyotime, Nantong, China) supple-
mented with protease and phosphatase inhibitors. A total of 25 μg
of protein was loaded onto a 10% sodium dodecyl sulfate-
polyacrylamide gel. After being separated by electrophoresis,
sample proteins were transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA, USA). The membranes were
blocked with 5% nonfat dry milk solution and further probed with
primary antibodies at 4 °C overnight followed by incubation with
horseradish peroxidase-labeled secondary antibodies for 90 min at
room temperature. Bands were visualized with High-sig ECL
Western blotting substrate (Tanon, Shanghai, China). The band
intensities were measured using ImageJ software (NIH, Bethesda,
MD, USA). The information concerning the antibodies is listed in
Supplementary Table S2.

Dual-luciferase reporter assay
A sequence of the GSK-3β untranslated region (3′UTR) containing
the predicted miR-99b-3p binding sites or a sequence of the GSK-
3β 3′UTR with point mutations in the putative miR-99b-3p binding
sites was inserted into the pEZX-MT06 firefly/Renilla dual-
luciferase vector (GeneCopoeia, Rockville, MD, USA). HEK293 cells
seeded in 96-well plates were cotransfected with miR-99b-3p
mimics or negative control together with reporter vectors (0.2 μg
per well) by using Lipofectamine 2000. Forty-eight hours later, the
cells were lysed and further tested with a dual-luciferase assay kit
(GeneCopoeia). Luciferase activity was measured by a microplate
reader (Molecular Devices, San Jose, CA, USA).

Statistical analysis
The data are presented as the mean ± the standard error of the
mean (SEM). Unpaired Student’s t-test was performed to compare
the statistical significance between two groups. The differences
among multiple groups were measured by one-way analysis of
variance (ANOVA) with Tukey’s post hoc test. In all cases, a P value
less than 0.05 was considered statistically significant.

RESULTS
Ang II induces cardiac fibrosis and upregulates miR-99b-3p
expression
C57BL/6 mice received Ang II infusion (2 mg·kg−1·d−1) via osmotic
pumps for 14 days. The hearts of Ang II-treated mice were
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enlarged compared with those from control animals (Fig. 1a). Ang
II led to obvious histological changes, including inflammatory cell
infiltration and extracellular matrix collagen deposition in the
myocardium, as detected by H&E and Sirius red staining
(Fig. 1b–d). The HW/BW, LVW/BW and HW/TL ratios were also
elevated following Ang II treatment (Fig. 1f). Echocardiography
revealed that the LVPW, EF and FS were increased by Ang II, while
the LVID was decreased, indicating abnormalities of cardiac
structure and function (Fig. 1e, g). In addition, the results of
immunohistochemistry and qRT-PCR analyses showed that the
levels of fibrotic biomarkers, such as fibronectin, collagen I,
collagen III and α-SMA, were upregulated after Ang II infusion
(Fig. 1h, i). This evidence demonstrated that the mouse model of
cardiac fibrosis was successfully established. Moreover, miR-99b-
3p expression was strongly increased in fibrotic cardiac tissues
from Ang II-infused mice (Fig. 1j).

To further confirm the influence of Ang II on miR-99b-3p
expression, cultured rat CFs were incubated with 100 nM Ang II for
the indicated time points. The mRNA and protein contents of
fibrotic biomarkers were determined by Western blotting and qRT-
PCR. Compared to the control group, Ang II-stimulated cells
showed a time-dependent increase in the expression of fibro-
nectin, collagen I, vimentin and α-SMA (Fig. 1k, l). Similar to its
upregulation in vivo, the level of miR-99b-3p was significantly
elevated in CFs following Ang II treatment (Fig. 1m), suggesting
the involvement of miR-99b-3p in the development of cardiac
fibrosis.

MiR-99b-3p promotes fibrotic responses in CFs
Both gain-of-function and loss-of-function approaches were used
to elucidate the functional role of miR-99b-3p in cardiac fibrosis.
The results showed that forced expression of miR-99b-3p by

Fig. 1 Ang II induces cardiac fibrosis accompanied by elevated miR-99b-3p expression. C57BL/6 mice were subjected to Ang II infusion
(2mg·kg−1·d−1) via osmotic minipumps for 14 days. a Gross morphology of the heart. b–d Pathologic changes as indicated by H&E and Sirius
red staining. e Representative echocardiographic graphs. f Ratios of HW/BW, LVW/BW, and HW/TL. g Echocardiographic parameters were
analyzed. h Immunohistochemical expression of fibronectin and α-SMA. i, j The expression of fibrotic markers and miR-99b-3p was
determined by qRT-PCR. All data are presented as the mean ± SEM. *P < 0.05 vs. the normal saline (NS) group, n= 5. Cultured rat CFs were
incubated with 100 nM Ang II for the indicated time points. k, l The levels of fibrotic biomarkers were measured by qRT-PCR and Western
blotting. m MiR-99b-3p expression following Ang II treatment. *P < 0.05 vs. the control group, n= 3.
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miRNA mimic elevated the protein levels of fibronectin, collagen I,
vimentin and α-SMA in cultured rat CFs (Fig. 2a–d). The expression
of these fibrotic biomarkers was further enhanced when the cells
were concurrently treated with Ang II. Moreover, an EdU
incorporation assay was performed to examine the effect of
miR-99b-3p on cell proliferation. The results showed that the miR-
99b-3p mimic increased the proliferative ability of CFs (Fig. 2e).
It also remarkably facilitated CF migration, as determined by
the scratch test (Fig. 2f). Conversely, suppressing miR-99b-3p by
transfection with its specific inhibitor, an antisense nucleotide
sequence, could attenuate Ang II-induced expression of fibrotic
biomarkers (Fig. 3a–d) and inhibit the proliferation and migration
of CFs (Fig. 3e, f). These findings suggested that miR-99b-3p was
sufficient to promote fibrotic responses, and the upregulation of
miR-99b-3p expression contributed to Ang II-stimulated cardiac
fibrosis.

The 3′UTR of GSK-3β mRNA is a direct target of miR-99b-3p
The sequence of miR-99b-3p is identical among rats, mice, and
humans (Supplementary Table S3). Computational analysis of
miRNA targets was performed by using the target prediction
programs TargetScan, miRDB, and miRanda, which consistently
identified a putative complementary seed region between

miR-99b-3p and GSK-3β mRNA (Fig. 4a). Then, HEK293 cells were
transfected with pEZX-MT06 dual-luciferase vectors containing the
predicted miR-99b-3p binding sites or mutated binding sites in
the 3′UTR of GSK-3β mRNA. Dual-luciferase reporter assay showed
that the miR-99b-3p mimic efficiently suppressed the luciferase
activity in cells expressing the wild-type GSK-3β 3′UTR but not in
those expressing the mutated GSK-3β 3′UTR (Fig. 4b). Further-
more, the expression of GSK-3β was determined by qRT-PCR and
Western blotting in rat CFs. The results revealed that both the miR-
99b-3p mimic and its inhibitor had no detectable effects on GSK-
3β mRNA levels (Fig. 4c, d). However, the protein level of GSK-3β
was decreased by the miR-99b-3p mimic, while it was enhanced in
the presence of the miR-99b-3p inhibitor (Fig. 4e, f), indicating that
miR-99b-3p affected GSK-3β expression by blocking translation. In
addition, Ang II also led to downregulation of GSK-3β protein
expression, which was reversed by the miR-99b-3p inhibitor.

GSK-3β is involved in miR-99b-3p-mediated cardiac fibrosis
Since GSK-3β was identified as a candidate target of miR-99b-3p,
we next investigated its involvement in miR-99b-3p-mediated
fibrosis. In rat CFs, depletion of GSK-3β by siRNA resulted in
obvious increases in the protein levels of fibronectin, collagen I,
vimentin and α-SMA (Fig. 5a). This was in agreement with previous

Fig. 2 MiR-99b-3p mimic induces fibrotic responses in CFs. Cultured CFs were transfected with miR-99b-3p mimic or its negative control
(NC mimic) and subjected to Ang II treatment (100 nM, 48 h). a–d The protein levels of fibronectin, collagen I, vimentin, and α-SMA were detected
by Western blotting. e An EdU incorporation assay was performed to examine CF proliferation. f Cell migration was determined by the scratch-
wound assay. All data are presented as the mean ± SEM. *P < 0.05 vs. the NC group, #P < 0.05 vs. the NC plus Ang II treatment group, n= 3.
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reports concerning the antifibrotic role of GSK-3β [19]. Treatment
with the miR-99b-3p inhibitor attenuated the Ang II-promoted
expression of these fibrotic markers, which was compromised by
GSK-3β siRNA (Fig. 5b). Moreover, the inhibitory effects of miR-
99b-3p inhibitor on Ang II-stimulated proliferation and migration
of CFs were ameliorated when GSK-3β was concurrently silenced
(Fig. 5c, d), indicating the involvement of GSK-3β in miR-99b-3p-
mediated cardiac fibrosis.
Smad3 is a well-characterized transcription factor contributing

to the development of cardiac fibrosis [20, 21]. Emerging evidence
has shown that GSK-3β exerts antifibrotic effects by directly
interacting with Smad3 and negatively modulating its activation
[22, 23]. Here, we also observed that the phosphorylation of
Smad3 was notably elevated in CFs following GSK-3β knockdown
(Fig. 6a). Administration of the miR-99b-3p mimic enhanced the
level of phosphorylated Smad3, while the miR-99b-3p inhibitor
markedly decreased Smad3 phosphorylation induced by Ang II
(Fig. 6b, c). In addition, CFs were subjected to miR-99b-3p mimic
treatment in the presence of SIS3, an inhibitor of Smad3
phosphorylation [24]. The results showed that forced expression
of miR-99b-3p augmented the levels of fibronectin and collagen I,
which was reversed by SIS3 (Fig. 6d). Thus, miR-99b-3p might

promote cardiac fibrosis by suppressing GSK-3β and hence
leading to activation of its downstream profibrotic effector Smad3.

Inhibition of miR-99b-3p rescues Ang II-induced cardiac fibrosis in
mice
To explore the possibility that targeting miR-99b-3p could be
utilized to counteract cardiac fibrosis in vivo, C57BL/6 mice were
injected by the tail vein with miR-99b-3p antagomir, and
subjected to Ang II infusion as described in Materials and
methods. Different from the miR-99b-3p inhibitor used for
in vitro tests, the antagomir is a single-strand antisense
oligonucleotide with chemical modifications to enhance the
delivery, stability and inhibiting effect in vivo. The expression of
miR-99b-3p was elevated in heart tissues from Ang II-treated mice,
which was significantly suppressed by antagomir administration
(Supplementary Fig. S1). Morphological and histological examina-
tions showed that the miR-99b-3p antagomir attenuated the
enlargement of heart size and collagen deposition stimulated by
Ang II (Fig. 7a–e). It also suppressed the increase in the HW/BW
ratio following Ang II treatment (Fig. 7f). In addition, treatment
with miR-99b-3p antagomir ameliorated Ang II-induced abnorm-
alities in cardiac structure and function, which included elevation

Fig. 3 Inhibition of miR-99b-3p suppresses Ang II-induced fibrotic responses in CFs. Cultured CFs were treated with miR-99b-3p inhibitor or
its negative control (NC inhibitor). Cells were further stimulated with or without 100 nM Ang II for 48 h. a–d Western blotting was conducted
to detect the protein expression of fibronectin, collagen I, vimentin, and α-SMA. e The proliferation of CFs was measured by EdU incorporation
assay. f A scratch-wound assay was used to test the cell migration ability. All data are presented as the mean ± SEM. *P < 0.05 vs. the NC group,
#P < 0.05 vs. the NC plus Ang II treatment group, n= 3.
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of EF, LVAW and LVPW accompanied by reduced LVID (Fig. 7g–k).
In cardiac tissues from Ang II-infused mice, the increased mRNA
and protein levels of fibrotic factors, such as fibronectin, collagen I,
vimentin and α-SMA, were all alleviated by the miR-99b-3p
antagomir (Fig. 8a–c). The above findings demonstrated that
inhibition of miR-99b-3p by its antagomir could protect mice
against Ang II-triggered cardiac fibrosis. In addition, the Ang II-
induced reduction in GSK-3β protein expression was effectively
restored by miR-99b-3p antagomir treatment, and suppression of
miR-99b-3p effectively blunted the increase in Smad3 phosphor-
ylation (Fig. 8d). These results were in line with our observations
in vitro, indicating the involvement of the GSK-3β/Smad3 cascade
in miR-99b-3p-mediated cardiac fibrosis.

DISCUSSION
Emerging studies have demonstrated that miRNAs are essential
regulators in cardiovascular biology [9, 25]. Dysregulation of
miRNA expression causes aberrant gene expression in the heart
and ultimately results in pathological conditions [26]. Recently, it
has been recognized that miRNAs may serve as biomarkers or
therapeutic targets for cardiac fibrosis [27–29]. Thus, identifying
and characterizing fibrosis-associated miRNAs will not only help to
better understand the pathogenesis of cardiac fibrosis but also
contribute to the development of novel treatment methods. In the
present work, we provide the first evidence that miR-99b-3p
participates in Ang II-induced cardiac fibrosis, suggesting a
potential therapeutic strategy by targeting miR-99b-3p.
CFs are the predominant cardiac cell types responsible for

maintaining myocardial structure and ECM homeostasis [4].

Cardiac fibrosis is a result of CF activation [1, 30]. Mechanical
and neurohumoral stimuli can promote CF proliferation and
induce the transformation of CFs into myofibroblasts, a critical
event during fibrosis development [2, 31]. Myofibroblasts increase
ECM synthesis, display enhanced migratory and contractile
abilities, and express proinflammatory cytokines, which further
exacerbate fibrosis [11]. Ang II, the principal component of the
renin-angiotensin-aldosterone system, has been well demon-
strated to be a key fibrotic stimulator [32]. Here, we observed
that Ang II treatment led to cardiac fibrosis accompanied by
elevated miR-99b-3p levels. In cultured rat CFs, forced expression
of miR-99b-3p promoted ECM production, increased the level of α-
SMA, a representative marker of transformed myofibroblasts, and
facilitated the proliferation and migration of cells. Conversely,
inhibition of miR-99b-3p could attenuate the fibrotic responses in
CFs triggered by Ang II. In addition, the fibrotic phenotypes
observed in Ang II-treated mice were significantly alleviated by
miR-99b-3p antagomir injection. Together, these findings indicate
that miR-99b-3p may be a mediator and interventional target for
Ang II-induced cardiac fibrosis.
In this study, the miR-99b-3p level was found to be negatively

correlated with GSK-3β expression, which was strongly reduced
during cardiac fibrosis. GSK-3β was predicted to be a candidate
target of miR-99b-3p. The amino acid and mRNA sequences of
GSK-3β are relatively conserved among rats, mice, and humans, as
indicated by the Basic Local Alignment Search Tool (Supplemen-
tary Tables S4 and S5). Moreover, there is a shared miR-99b-3p
binding sequence in the GSK-3β 3′UTRs of these species. A dual-
luciferase reporter assay demonstrated that miR-99b-3p inhibited
luciferase activity in cells expressing the wild-type GSK-3β 3′UTR

Fig. 4 GSK-3β is a direct target gene of miR-99b-3p. a Predicted binding sites for miR-99b-3p and the mutated binding sites in the GSK-3β 3′
UTR. b HEK293 cells were transfected with pEZX-MT06 dual-luciferase reporter vectors containing wild-type or mutant GSK-3β 3′UTR. Cells
were further treated with miR-99b-3p mimic or its negative control (NC), and luciferase activity was detected. c, d Cultured CFs were treated
with miR-99b-3p mimic or inhibitor in the presence or absence of Ang II (100 nM) for 48 h. The mRNA expression of GSK-3β was measured by
qRT-PCR. e, f Western blotting was performed to detect the protein level of GSK-3β. All data are presented as the mean ± SEM. n.s. no
significant difference. *P < 0.05 vs. the NC group, #P < 0.05 vs. the NC plus Ang II treatment group, n= 3.
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but not the mutant form. It is known that miRNAs exert their
functions primarily by binding with the 3′UTRs of target genes,
leading to mRNA degradation or translational silencing [33]. The
qRT-PCR analysis data showed that the mRNA level of GSK-3β in
CFs was not affected by miR-99b-3p. Nevertheless, GSK-3β protein
expression was markedly reduced by the miR-99b-3p mimic,
whereas it was upregulated following treatment with the miR-99b-
3p inhibitor. These observations indicate that miR-99b-3p affects
the expression of GSK-3β by repressing translation. Similar
regulatory mechanisms have been observed for other miRNAs
[34, 35]. For example, it was reported that miR-21 had no
detectable influence on the mRNA level of Spry1 in CFs but
resulted in strong inhibition of Spry1 protein expression [12]. The
effect of miR-99b-3p on modulating GSK-3β was further supported
by our in vivo experiments. In Ang II-infused mice, the protein
level of GSK-3β in heart tissues was decreased, which could be
restored by administration of a specific miR-99b-3p antagomir.
GSK-3β is a constitutively active serine/threonine kinase

involved in a variety of cellular processes, including glucose
metabolism, gene transcription, immune responses, proliferation,
and apoptosis [36]. It has been implicated in the pathogenesis of
cancer, diabetes, inflammation, and cardiovascular diseases [37].

Recently, accumulating evidence has revealed that GSK-3β also
plays an important role in fibroblast biology and exerts an
antifibrotic effect [19, 38]. Inhibition of GSK-3β has been proven to
trigger extensive fibrotic responses in isolated CFs. Mice with
fibroblast-specific knockout of GSK-3β suffered from progressive
fibrogenesis and severe left ventricular dysfunction [39]. In
contrast, pressure overload-induced fibrosis was ameliorated in
the hearts of GSK-3β knock-in mice [40]. In addition, activation of
GSK-3β with pharmacological reagents could protect against
cardiac fibrosis both in vitro and in vivo [41]. In line with these
studies, we found that transfection with GSK-3β siRNA resulted in
fibrotic responses. More importantly, miR-99b-3p knockdown
attenuated Ang II-induced ECM synthesis and CF activation, which
could be strongly blunted by silencing GSK-3β. These results
suggest that miR-99b-3p can promote cardiac fibrosis at least
partially by suppressing GSK-3β.
To date, GSK-3β has been demonstrated to negatively regulate

cardiac fibrosis, but the mechanism by which it suppresses
fibrogenesis remains to be elucidated. Intriguingly, some previous
studies indicate that there is crosstalk between GSK-3β and TGF-β/
Smad3 in mediating fibrotic responses of the diseased heart
[19, 38, 39]. The canonical TGF-β/Smad signaling pathway has

Fig. 5 GSK-3β knockdown attenuates the antifibrotic effects of the miR-99b-3p inhibitor. a Cultured CFs were transfected with GSK-3β
siRNA (si-GSK-3β) or negative control (NC) for 48 h. The expression of GSK-3β and fibrotic markers were determined by Western blotting. b CFs
with or without GSK-3β knockdown were treated with miR-99b-3p inhibitor and further stimulated with 100 nM Ang II for 48 h. Western
blotting was performed to detect the protein levels of GSK-3β and fibrotic markers. c An EdU incorporation assay was used to examine the
proliferation of CFs. d The migration ability of cells was tested by the scratch-wound assay. All data are presented as the mean ± SEM. *P < 0.05
vs. the NC or no treatment group, #P < 0.05 vs. the Ang II treatment group, $P < 0.05 vs. the Ang II plus miR-99b-3p inhibitor treatment group,
n= 3.
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Fig. 6 MiR-99b-3p promotes fibrotic responses in CFs by modulating the GSK-3β/Smad3 cascade. a GSK-3β was knocked down in cultured
CFs. GSK-3β expression and Smad3 phosphorylation were detected by Western blotting. b, c CFs were treated with miR-99b-3p mimic or
inhibitor in the presence or absence of Ang II (100 nM) for 48 h. The level of phosphorylated Smad3 was determined. d CFs were treated with
miR-99b-3p mimic and the Smad3 inhibitor SIS3 (1 μM) for 48 h. The phosphorylation of Smad3 and the protein expression of fibronectin and
collagen I were analyzed. All data are presented as the mean ± SEM. *P < 0.05 vs. the negative control (NC) or no treatment (con) group, #P <
0.05 vs. the NC plus Ang II treatment group, $P < 0.05 vs. the group treated with miR-99b-3p mimic alone, n= 3.

Fig. 7 Inhibition of miR-99b-3p alleviates Ang II-induced cardiac fibrosis in mice. C57BL/6 mice were injected with miR-99b-3p antagomir
(ant-miR-99b-3p) or negative control (ant-NC) via the tail vein and subjected to Ang II infusion (2 mg·kg−1·d−1) for 14 days. a–e Pathologic
changes in the hearts were observed by H&E staining, Sirius red staining and echocardiography. f, g The HW/BW ratio and ejection fraction
were measured. h–k Echocardiographic parameters were recorded. All data are presented as the mean ± SEM. *P < 0.05 vs. the normal saline
(NS) group, #P < 0.05 vs. the Ang II treatment group, n= 5. n.s. no significant difference.
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been well recognized to play a predominant role in fibroblast
activation and ECM production [42]. The binding of TGF-β to its
membrane receptor leads to the activation of downstream Smad
proteins by phosphorylation. Phosphorylated Smad2 and Smad3
trimerize with Smad4 and then translocate into the nucleus, where
they act as transcription factors to induce the expression of
fibrosis-related genes [43, 44]. A recent study showed that in the
normal healthy heart, GSK-3β directly interacted with Smad3,
thereby maintaining a low level of activity of Smad3. Inhibition or
deletion of GSK-3β induced phosphorylation of Smad3 at the C-
terminal Ser 423/425 residues, leading to enhanced transcriptional
activity of Smad3 and eventually resulting in excessive fibrosis and
adverse ventricular remodeling [39]. This mechanism was
supported by the results that SIS3, a small molecule Smad3
inhibitor, could alleviate fibrotic changes and rescue cardiac
function in GSK-3β knockout mice [19, 39]. Furthermore, the effect
of GSK-3β was specific to Smad3, as GSK-3β deletion had no
influence on Smad2 phosphorylation and activation [22]. In our
present work, miR-99b-3p decreased GSK-3β protein expression
and promoted the level of phosphorylated Smad3. In contrast,
miR-99b-3p inhibition restored the Ang II-induced reduction in
GSK-3β expression and simultaneously attenuated the increase in
Smad3 phosphorylation. In addition, treatment with SIS3 alle-
viated miR-99b-3p-stimulated expression of fibrotic markers.
Therefore, it may be speculated that the modulation of the

GSK-3β/Smad3 cascade is responsible for miR-99b-3p-mediated
cardiac fibrosis.
Although we have presented evidence concerning the partici-

pation of miR-99b-3p in Ang II-triggered cardiac fibrosis by
targeting GSK-3β, there are still some obvious limitations in our
study. First, the roles of miR-99b-3p in the pathogenesis of cardiac
fibrosis should be further confirmed in vivo, especially in animals
with cardiac-specific depletion or overexpression of miR-99b-3p.
Changes in miR-99b-3p should also be detected in human
samples to support potential antifibrotic intervention by modulat-
ing miR-99b-3p. To date, little is known about miR-99b-3p
expression in the setting of cardiac disorders. A recent study
reported that miR-99b-3p was markedly upregulated in aortic
valves from patients with degenerative aortic stenosis [45], a
common valvular heart disease accompanied by extensive cardiac
fibrosis [46–48]. This finding may suggest a possible connection
between elevated miR-99b-3p levels and cardiovascular abnorm-
alities. However, there is still a lack of clinical investigations on
miR-99b-3p expression in cardiac tissues. Second, it is not known
whether the same conclusion can be drawn in the setting of
cardiac fibrosis caused by stimuli other than Ang II, for example,
by pressure overload, ischemia or diabetes. Moreover, a single
miRNA may regulate a broad range of transcripts [49]. Several
targets of miR-99b-3p have been identified previously, such as
PCDH19 and HoxD3 [15, 16]. Thus, we cannot rule out the

Fig. 8 MiR-99b-3p antagomir restores GSK-3β expression and inhibits Smad3 phosphorylation in the hearts of Ang II-treated mice.
C57BL/6 mice received Ang II infusion (2mg·kg−1·d−1) with or without miR-99b-3p antagomir (ant-miR-99b-3p) for 14 days. a The expression
of fibrotic markers was measured by Western blotting. b Immunohistochemical staining for fibronectin, α-SMA and GSK-3β. c qRT-PCR analysis
of the mRNA levels of fibrotic markers. d The phosphorylation of Smad3 and the protein expression of GSK-3β were determined. All data are
presented as the mean ± SEM. *P < 0.05 vs. the normal saline (NS) group, #P < 0.05 vs. the Ang II treatment group, n= 5.
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involvement of genes other than GSK-3β in miR-99b-3p-mediated
fibrogenesis.
In summary, our present work revealed that miR-99b-3p

promoted Ang II-induced cardiac fibrosis. The expression of miR-
99b-3p was increased in cultured CFs after Ang II treatment and in
the hearts of mice that received Ang II infusion. Overexpression of
miR-99b-3p induced fibrotic responses in CFs. In contrast, miR-
99b-3p inhibition protected against Ang II-mediated fibrosis both
in vitro and in vivo. The profibrotic effects of miR-99b-3p could be
at least partially attributed to its suppression of GSK-3β. These
findings add new information about the biological functions of
miR-99b-3p and suggest that modulation of miR-99b-3p may offer
a potential treatment for cardiac fibrosis.
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