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Cardiac fibroblasts (CFBs) play pivotal roles in myocardial fibrosis, which is the leading cause of arrhythmia. This
study was aimed to investigate the modulation of microRNA (miR)-33a on proliferation, apoptosis and fibrosis of
human CFBs. CFBs were respectively transfected with miR-control, miR-33a mimic or miR-33a inhibitor, followed
by induction of transforming growth factor-p (TGF-B). Non-treated CFBs acted as control. Cell viability, apoptosis,
and fibrosis which reflected by expressions of Col-1, Col-1ll and a-smooth muscle actin (a-SMA) were evaluated
by CCK-8 assay, flow cytometry, qRT-PCR and Western blot analysis. Finally, key kinases involved in the TGF-f/
Smad pathway were evaluated by Western blot analysis. TGF- enhanced CFB viability, and expression levels
of Col-I, Col-lll and a-SMA in CFBs (P < 0.01 or P < 0.001). The increased CFB proliferation, and upregulation
of Col-I, Col-lll and a-SMA were all further enhanced by miR-33a mimic (P < 0.05 or P < 0.001), whereas
reversed by miR-33a inhibitor (P < 0.05, P < 0.01 or P < 0.001). The CFB apoptosis was remarkably promoted
by miR-33a inhibitor (P < 0.001). Results of signaling pathway showed that phosphorylated levels of Smad-2 and
Smad-3 were both upregulated by TGF-f (P < 0.001). The upregulated phosphorylations were further improved
by miR-33 mimic (P < 0.05) while reversed by miR-33a inhibitor (P < 0.05 or P < 0.001). miR-33a deficiency
inhibits proliferation and fibrosis of CFBs while promotes CFB apoptosis by inactivation of TGF-p/Smad pathway.

1. Introduction

Cardiovascular disease (CVD) is the most common cause of
death, which causes two times as many deaths as cancer in
Europe (Townsend et al. 2015). Sudden death, mainly caused by
cardiac arrhythmias accounts for nearly half of the deaths from
CVD (Huikuri et al. 2002). Characterized by accumulation of
fibrillary collagen in the heart, cardiac fibrosis contributes to the
progression of arrhythmias and might finally lead to death (Du et
al. 2009). In myocardium, there are multiple cell types, including
cardiomyocytes, cardiac fibroblasts (CFBs), endothelial cells
and smooth muscle cells (Coulombe et al. 2014). Among these
cells, CFBs account for the largest cell population (Camelliti et
al. 2005). In response to risk factors including volume/pressure
overload, cardiac injury, genetic susceptibility and age, CFBs are
activated and differentiated into myofibroblasts (myoFBs), which
is rarely found in healthy myocardium but appears after cardiac
injury (Baum and Duffy 2011; Petrov et al. 2002). The process
is accompanied by a massive production of extracellular matrix
(ECM), resulting in cardiac fibrosis (Chan et al. 2010). CFBs are
most conspicuously linked to heart disease (Gourdie et al. 2016;
Iwata et al. 2011).

MicroRNAs (miRNAs) are a kind of small non-coding RNAs
which function through inhibition of target gene expression or
degradation of mRNAs (Qin et al. 2016). Large numbers of investi-
gations have demonstrated that miRNA (miR)-125b (Nagpal et al.
2016), miR-133a (Chen et al. 2014), miR-101a (Zhao et al. 2015)
are involved in cardiac fibrosis. The encoding region of miR-33a
is embedded in the sterol-response-element-binding protein gene
(SREBP2), and inhibition of miR-33a is reported to raise plasma
high-density lipoprotein and lower very low-density lipoprotein
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for the treatment of CVD (Rayner et al. 2011). Huang et al. (2014)
once reported the miR-33a could be a marker for liver fibrosis.
Moreover, the level of miR-33a was significantly increased in liver
and serum with a progressing process of hepatic fibrosis (Huang
et al. 2015). Thus, we hypothesized the miR-33a might be a poten-
tial modulator of cardiac fibrosis. However, there are few related
investigations focusing on the role of miR-33a in modulation of
CFBs, and the underlying mechanism remains unclear.

The cost of heart diseases linked to fibrosis is staggering. Thus,
it becomes urgent at both clinical and economic cases for devel-
opment of novel and effective therapeutic approaches for cardiac
disease linked to fibrosis (Gourdie et al. 2016). Transforming
growth factor B (TGF-p) plays a crucial role in cardiac fibrosis by
activation of CFBs and production of collagen (Annes et al. 2003).
A recent study has reported that TGF-f is a potential therapeutic
target for cardiac fibrosis (Leask 2010). As a consequence, in your
study, we chose cardiac fibroblasts to deeply investigate the modu-
lation of miR-33a in TGF-f induced proliferation and fibrosis of
CFBs. The underlying molecular and cellular mechanisms were
also explored.

2. Investigations and results

2.1. TGF-p promotes cell proliferation and fibrosis in
CFBs

To investigate the influence of TGF-3, CFBs were assigned into two
groups - control group, in which cells were cultured without treat-

ment; and TGF-f group, in which cells were cultured with 10 ng/
mL of TGF-B. After stimulation for 48 h, cell viability and mRNA
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Fig. 1: The effect of TGF-B on viability and fibrosis of human CFBs. A, cell viability; B, mRNA expression levels of Col-I and Col-III; C, mRNA expression level of a-SMA;
D, protein expression levels of Col-I and Col-1II; E, protein expression level of a-SMA. Cells were divided into two groups-control group, cells in which cultured without
treatment; TGF-f group, cells in which cultured with TGF-3. Data presented were the mean of at least three independent experiments. Error bars indicate SD. **, P <0.01;
w4 P < 0.001. TGF-B, transforming growth factor-B; CFB, cardiac fibroblast; Col-1, collagen I; Col-IIL, collagen III; a-SMA, a-smooth muscle actin.

expression levels of Col-1, Col-III and a-SMA were respectively
assessed by CCK-8 assay and qRT-PCR. In Fig. 1A, cell viability
was significantly improved by TGF-f when compared to control
(P < 0.01). As shown in Fig. 1B-1E, both mRNA and protein
expression levels of Col-I, Col-III and a-SMA were remarkably
upregulated by TGF-f3 when compared to control (P < 0.01 or P <
0.001). Thus, we demonstrated that TGF-f could promote prolifer-
ation and fibrosis of CFBs.

2.2. miR-33a deficiency inhibits TGF-f induced prolifer-
ation of CFBs

In order to explore the functional role of miR-33a in CFB prolif-
eration, CFBs were firstly transfected with miR-control, miR-33a
mimic or miR-33a inhibitor. Forty-eight hours later, the cells
were induced by 10 ng/mL TGF-p and cell viability was deter-
mined by CCK-8 assay at 1, 2, 3 and 4 d after induction. Cells
cultured without any treatment acted as control. In Fig. 2, viability
of CFBs in TGF-B group was obviously increased compared
with control group at 2-4 days (P < 0.01). When compared with
TGF-B+miR-control group, viability of cells in TGF-f+miR-33a
inhibitor group was remarkably decreased at 2-4 days after induc-
tion (P < 0.001). Oppositely, viability of cells in TGF-f+miR-33a
mimic group was remarkably increased at 3-4 days after induction
(P < 0.001). Thus, we indicated miR-33a deficiency inhibited
TGF-p induced proliferation of CFBs.

2.3. miR-33a deficiency promotes apoptosis of CFBs

After transfection and stimulation, CFBs were assigned into five
groups as described above. Cell apoptosis was assessed by flow
cytometry. Data in Fig. 3 showed a significant enhancement of
apoptotic cells in TGF-f+miR-33a inhibitor group in comparison
with TGF-B+miR-control group (P < 0.001). The results suggested
that miR-33a deficiency promoted CFB apoptosis.
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2.4. miR-33a deficiency suppresses TGF-f induced fibro-
sis of CFBs

After transfection and stimulation, CFBs were assigned into five
groups as described above. mRNA and protein expressions were
respectively assessed by qRT-PCR or Western blot analysis. In
Fig. 4A-4D, both mRNA and protein expression levels of Col-I,
Col-III and a-SMA were significantly upregulated by TGF-§ in
comparison with control group (P < 0.001). The upregulation was
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Fig. 2: The effect of miR-33a on proliferation of human CFBs. After transfection
with miR-control, miR-33a mimic or miR-33a inhibitor and stimulation
with TGF-B, cells were divided into five groups. Cells without any treatment
served as control. Cell proliferation was measured by CCK-8 assay. Data pre-
sented were the mean of three independent experiments. Error bars indicated
SD. * indicates significant difference compared with control group. **, P <
0.01; # indicates significant difference compared with TGF-B+miR-control
group. ###, P < 0.001. TGF-, transforming growth factor-B; CFB, cardiac
fibroblast.
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Fig. 3: The effect of miR-33a on apoptosis of human CFBs. After transfection with
miR-control, miR-33a mimic or miR-33a inhibitor and stimulation with
TGEF-B, cells were divided into five groups. Cells without any treatment
served as control. Cells without any treatment and cells stimulated with
TGF- served as controls. Cell apoptosis was measured by flow cytometry.
Data presented were the mean of three independent experiments. Error bars
indicated SD. # indicates significant difference compared with TGF-B+miR-
control group. ###, P < 0.001. TGF-f, transforming growth factor-f; CFB,
cardiac fibroblast.

further enhanced by miR-33a mimic, resulting in a significant
increase in comparison with TGF-B+miR-control group (P < 0.05).
However, the upregulation was obviously reduced by miR-33a
inhibitor, resulting in a significant decrease in comparison with
TGF-B+miR-control group (P < 0.05 or P < 0.01). Therefore, we
concluded that miR-33a deficiency suppressed TGF-$ induced
fibrosis of CFBs.

2.5. miR-33a deficiency inactivated the TGF-f/Smad
signaling pathway

The expressions of key kinases involving in TGF-p/Smad signaling
pathway were evaluated by Western blot analysis. The CFBs were
also assigned into five groups as described above after transfection
and stimulation. In Fig. SA and 5B, the phosphorylated levels of
Smad-2 and Smad-3 were both upregulated by TGF-f§ simulation
compared to control (P < 0.001). Moreover, the upregulation
was further improved by miR-33a mimic, leading to a significant
increase in comparison with TGF-B+miR-control group (P < 0.05
or P <0.01). However, the upregulation was obviously reduced by
miR-33a inhibitor, leading to a significant decrease in comparison
with TGF-B+miR-control group (P < 0.05 or P < 0.001).

3. Discussion

Cardiac fibrosis is one of the leading causes of cardiac arrhythmia,
thus, deep investigations on mechanism of myocardial fibrosis
are essential for the treatment of cardiac disease. In our present
study, the first step was to validate the promotion of TGF-p on
proliferation and fibrosis of CFBs. Then, we used TGF-$ to
induce fibrosis in CFBs and explored the regulation of miR-33a
in this process. The results suggested that deficiency of miR-33a
significantly impaired CFB proliferation, induced CFB apoptosis
and downregulated expressions of Col-I, Col-III and a-SMA. In
addition, miR-33a deficiency obviously inactivated the TGF-p/
Smad signaling pathway.

The CFBs are commonly stay quiescently in healthy heart,
whereas upon stimulation, these cells proliferate and differentiate
into activated myoFBs (Samuel et al. 2011). Myocardial fibrosis
induced by cardiac pressure overload is reported to result from
CFB proliferation (Lucas et al. 2009). In the remodeling heart, the
composition of ECM changes to facilitate proliferation of CFBs.
Moreover, Lexow et al. (2013) also implied that cardiac fibrosis
is characterized by excessive proliferation of CFBs. In our present
study, the proliferation of CFBs was significantly enhanced by
TGF-p, which greatly coincided with previous studies, indicating
the promotion of TGF- on CFB fibrosis. Simultaneously, the
promotion of cell proliferation induced by TGF-B is obviously
repressed by miR-33a deficiency while further enhanced by
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Fig. 4: The effect of miR-33a on fibrosis of human CFBs. A, mRNA expression levels of Col-I and Col-III; B, protein expression levels of Col-I and Col-IIT; C, mRNA expression
level of 0-SMA; D, protein expression level of a-SMA. After transfection with miR-control, miR-33a mimic or miR-33a inhibitor and stimulation with TGF-p, cells were
divided into five groups. Cells without any treatment served as control. mRNA and protein expression levels were respectively evaluated by qRT-PCR and Western blot
analysis. Data presented were the mean of three independent experiments. Error bars indicated SD. * indicates significant difference compared with control group. ***,
P < 0.001; # indicates significant difference compared with TGF-B+miR-control group. #, P < 0.05; ##, P < 0.01. miR-33a, microRNA-33a; TGF-p, transforming growth

factor-B; CFB, cardiac fibroblast, qRT-PCR, quantitative reverse transcription PCR.
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Fig. 5: The effect of miR-33a on TGF/Smad signaling pathway. After transfection
with miR-control, miR-33a mimic or miR-33a inhibitor and stimulation
with TGF-f, CFBs were divided into five groups. Cells without any treat-
ment served as control. Protein expression levels were evaluated by Western
blot analysis. The band intensity was estimated by Image Lab™ Software.
The phosphorylation rate was expressed as the relative intensity of phos-
phorylated kinases/kinases and the final results were normalized by GAP-
DH. Data presented were the mean of three independent experiments. Error
bars indicated SD. * indicates significant difference compared with control
group. *#* P <0.001; # indicates significant difference compared with TGF-
B+miR-control group. #, P < 0.05; ##, P <0.01; ###, P <0.001. miR-33a, mi-
croRNA-33a; TGF-, transforming growth factor-f; CFB, cardiac fibroblast;
p-Smad-2, phosphorylated Smad-2; p-Smad-3, phosphorylated Smad-3.

miR-33a overexpression, indicating that miR-33a deficiency might
inhibit CFB fibrosis by inhibition of cell proliferation. Besides, the
results of cell apoptosis also illustrated the promotion of miR-33a
deficiency on CFB apoptosis. While for cancer cells, miR-33a was
reported to suppress proliferation of non-small-cell lung carcinoma
(NSCLCQ) cells (Du et al. 2017), breast cancer cells (Zhang et al.
2015) and melanoma cells (Zhou et al. 2015). The possible reason
might be miR-33a targeting different genes in different cell types.
Multiple smooth muscle cell markers which are not expressed in
quiescent CFBs appear in myoFBs, including a-SMA. When the
CFBs are activated by hormones or cytokines, such as TGF-p, the
CFBs are termed myoFBs due to the high expression of contractile
o-SMA, which constitute contractile microfilaments (Gabbiani
2003). Thus, a-SMA is considered as hallmarks of myoFBs.
Meantime, production of Col-I and Col-III is significantly
increased in cardiac fibrosis, making the upregulated expression of
Col-I and Col-III becomes another hallmarks of myoFBs (Cleut-
jens et al. 1995; Kong et al. 2014). Taken together, we selected
the expression levels of Col-1, Col-III and a-SMA to evaluate the
fibrosis of CFBs. In our study, TGF- significantly up-regulated
the expression of these three hallmarks, indicating the fibrotic
effect of TGF-B which is in line with previous studies. Multiple
comparisons between TGF-B+miR-control and TGF-B+miR-33a
mimic or inhibitor illustrated the TGF- induced fibrosis of CFBs
was further enhanced by miR-33a mimic, whereas the fibrosis was
reversed by miR-33a inhibitor. In other words, miR-33a deficiency
might effectively repress differentiation of CFBs into myoFBs. A
previous study also suggested a profibrotic effect of miR-33a in
hepatic stellate cells (Li et al. 2014).

As the important mediator for fibrogenesis, TGF-p is reported to
mainly function via the TGF-f/Smad signaling pathway. To begin
with, TGF-f binds to TPRII on the cell membrane, and then the
TPRI-kinase was activated. After that, the Smad-2 and Smad-3
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were both phosphorylated by TBRI-kinase. Then, activated Smad-2
and Smad-3 combined with Smad-4, translocate into the nucleus
and thereby regulate the transcription of large numbers of target
genes (Lan and Chung 2012; Tang and Lan 2014). In our study, the
phosphorylated levels of Smad-2 and Smad-3 were both improved
by TGF-f, which agreed with previous results. Multiple compar-
isons between TGF-B+miR-control and TGF-B+miR-33a mimic
or inhibitor showed that miR-33 mimic could further increase
TGF- induced activation of Smad-2 and Smad-3, while miR-33
knockdown could reverse the effect of TGF-B. That is miR-33a
deficiency could inactivate the TGF-f/Smad signaling pathway.
Interestingly, Bai et al. (2015) showed that loureirin B inhibited
fibroblast proliferation and extracellular matrix deposition in
a hypertrophic scar via the TGF-B/Smad pathway). Chen et al.
(2015) also implied that GW26-e1586 AMPK attenuated prolifer-
ation of cardiac fibroblast via regulating TGF-1/Smad pathways.
Therefore, we drew the conclusion that miR-33a deficiency might
inhibit proliferation and fibrosis of CFBs through inactivation of
the TGF-B/Smad signaling pathway.

In conclusion, we preliminarily explored the modulation of
miR-33a in proliferation, apoptosis and fibrosis of CFBs. The
results not only provide a theoretical basis for myocardial fibrosis
but also suggest novel therapeutic strategies for arrhythmia. More
experiments are needed to investigate on the target genes of
miR-33a in CFBs.

4. Experimental

4.1. Cell culture and treatment

Human CFBs were purchased from Cell Bank of Tongpai Biotechnology Co., Ltd.
(Shanghai, China). The CFBs were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 4.5 g/L glucose, supplemented with 10% fetal bovine serum
(FBS; both from Gibco, Rockville, MD, USA). Exponentially growing CFBs were
maintained in a humidified atmosphere of 5% CO, at 37 °C. The TGF-f (R&D
Systems, Wiesbaden, Germany) treatment was performed through stimulation with
a 10 ng/mL.

4.2. miRNA transfection

The miR-33a mimic, miR-33a inhibitor and non-targeting control of miR-33a (miR
NC) were all purchased from GenePharma Co. (Shanghai, China). These miRs were
transfected into cells with Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA,
USA) according to the protocol of supplier.

4.3. CCK-8 assay

The viability of human CFBs was performed using a Cell Counting Kit-8 (CCK-8,
Dojindo Molecular Technologies, Gaithersburg, MD, USA). In brief, CFB cells
were seeded in 96-well plates with a density of 5 x 10° cells/well. After treatment
(transfection or simulation), the WST-8 with a final concentration of 10% was added
into each well and then the cells were maintained at 37 °C for 1 h. The absorbance
was measured at 450 nm using a Microplate Reader (Bio-Rad, Hercules, CA, USA).

4.4. Apoptosis assay

Annexin V-FITC/PI apoptosis detection kit (Biosea Biotechnology, Beijing, China)
was used to access cell apoptosis. In brief, after transfection for 48 h, the CFB cells
were stimulated with TGF-f. Then, floating and adherent cells were combined and
washed by pre-cold phosphatebuffered saline (PBS). Resuspended with binding
buffer, the cells with an amount of 1 x 10° cells were stained with 10 uL of FITC-con-
jugated annexin V and 5 pL of propidium iodide (PI) following the supplier’s instruc-
tions. Subsequently, cell apoptosis was detected by an FACS can (Beckman Coulter,
Fullerton, CA, USA) and analyzed by FlowJo software (Tree Star, San Carlos, CA,
USA).

4.5. Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was isolated from transfected cells by using TRIzol reagent (Invitrogen)
and DNasel (Promega, Madison, WI, USA). Then, Multiscribe RT kit (Applied
Biosystems) and random hexamers or oligo(dT) were used for reverse transcription,
the procedure of which were 10 min at 25 °C, 30 min at 48 °C, and a final step
of 5 min at 95 °C. The final quantitative PCR was performed by QuantiFast SYBR
green RT-PCR kit (Qiagen, Hilden, Germany) in line with the protocol of supplier.
Primers as shown in the Table were designed and synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China). The mRNA expression was calculated by using 2-**“* method
(Livak and Schmittgen 2001). GAPDH acted as an internal control.

4.6. Western blot analysis

The proteins of CFB cells were extracted using RIPA lysis buffer (Beyotime
Biotechnology, Shanghai, China) containing protease inhibitors (Roche, Indianapolis,
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Table: Primers sequences

Gene Primer sequence
Col-I forward 5’-TCTAGACATGTTCAGCTTTGTGGAC-3’
reverse 5’-TCTGTACGCAGGTGATTGGTG-3’

Col- III forward 5’-CCACGGAAACACTGGTGGAC-3’
reverse 5’-GCCAGCTGCACATCAAGGAC-3’

a-SMA forward 5’-GACAATGGCTCTGGGCTCTGTAA-3’
reverse 5’-TGTGCTTCGTCACCCACGTA-3’

GAPDH forward 5’-TCAACGACCACTTTGTCAAGCTCA-3’

reverse 5’-GCTGGTGGTCCAGGGGTCTTACT-3’

Col-1, collagen I; Col-IlI, collagen III; a-SMA, a-smooth muscle
actin

IN, USA). After quantitation by the BCA™ Protein Assay Kit (Pierce, Appleton,
WI, USA), equal amounts of proteins were loading onto 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by electrophoretic
transfer to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA,
USA). Primary antibodies against Collagen I (Col-I, ab34710), Collagen III (Col-
111, ab137768), a-smooth muscle actin (a-SMA, ab5694), phosphorylated Smad-2
(p-Smad-2, ab184557), Smad-2 (ab33875), phosphorylated Smad-3 (p-Smad-3,
ab138659), Smad-3 (ab40854) and GAPDH (ab128915) (all from Abcam,
Cambridge, UK) were incubated with the membrane at 4 °C overnight. Thereafter, the
membranes were washed and incubated with secondary antibody marked by horse-
radish peroxidase for 1 h at room temperature. After rinsing again, the membranes
were sent into a Bio-Rad ChemiDoc™ XRS system, and then 200 pL of Immobilon
Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA) was
added to cover the membrane surface. The signals were captured and the intensity
of the bands was quantified using Image Lab™ Software (Bio-Rad, Hercules, CA,
USA). The phosphorylated level referred to a ratio between the phosphorylated and
the respective total forms.

4.7. Statistical analysis

All experiments were repeated three times. The results were presented as the mean +
standard deviation (SD). Statistical analysis was performed using Graphpad Prism 5
software (GraphPad, San Diego, CA, USA). The P-values were calculated using the
one-way analysis of variance (ANOVA) or two-way ANOVA with Bonferroni correc-
tion for comparison between three groups. In addition, two-tailed unpaired r-test was
employed to calculate the P-values for comparison between two groups. A P-value of
<0.05 was considered to indicate a statistically significant result.
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