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TGF-p1/Smads signaling pathway

X.JIN', L.-L. YU?, C-X. YU!

'Department of Cardiology, Yantai Hospital of Traditional Chinese Medicine, Yantai, China
’Department of Breast Surgery, Yantaishan Hospital, Yantai, China

Xin Jin and Lili Yu contributed equally to this work

Abstract. - OBJECTIVE: To observe the effect
of micro ribonucleic acid (miR)-9 on the myocar-
dial fibrosis (MF) in rats and explore its mecha-
nism of action.

MATERIALS AND METHODS: A total of 30
rats were selected to prepare the models of MF
and randomly divided into Sham group, Mod-
el group and MiR-9 group. The rat heart weight
(HW)/body weight (BW) and left ventricular
weight (LVW)/BW were determined. The con-
tent of hydroxyproline (Hyp) in the myocardial
tissues of left ventricle was measured using a
spectrophotometer. Enzyme-linked immunosor-
bent assay (ELISA) was performed to determine
the levels of type | and type lll collagens in myo-
cardial tissues, and the level of miR-9 in myo-
cardial tissues was determined via reverse tran-
scription-polymerase chain reaction (RT-PCR).
Finally, Western blotting was conducted to mea-
sure the levels of transforming growth factor-f1
(TGF-B1) and Smads2 proteins.

RESULTS: Compared with Sham group, Mod-
el group exhibited increased HW/BW and LVW/
BW and markedly raised Hyp content and type
I collagen, type lll collagen, TGF-B1 protein and
Smadsz2 protein levels, but significantly declined
miR-9 expression levels in rats. In MiR-9 group,
the rats had substantially decreased HW/BW,
LVW/BW, Hyp content, and type | and type Il col-
lagen levels as well as lowered TGF-B1 protein
and Smads2 protein levels.

CONCLUSIONS: MiR-9 can alleviate the MF in
rats by inhibiting the TGF-B1/Smads signaling
pathway.
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Introduction

Myocardial fibrosis (MF), an interstitial disease,
is the common manifestation of multiple cardiovas-
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cular diseases at end edge, and its main patholog-
ical features include the excessive proliferation of
myocardial fibroblasts and excessive deposition of
collagens, an extracellular matrix component'* The
heart of organisms is composed of cardiac myocytes
and cardiac interstitial cells**. Cardiac myocytes, a
kind of highly differentiated terminal cells without
proliferation ability, make up about 80% of the heart
volume. Cardiac interstitial cells, as the main source
of extracellular matrix, account for approximately
75% of the total heart cells and comprise myocar-
dial fibroblasts, neurocytes and macrophages**. The
increased collagen synthesis caused by over-prolif-
eration of cardiac fibroblasts destroys the normal
physiological structure of myocardial interstitium,
thus inducing heart failure or sudden death®. Cur-
rently, there is a scarcity of effective clinical drugs
for preventing or treating MF, because of its com-
plex pathogenesis, so it is extremely urgent to seek
drugs for the targeted therapy of MF. Transforming
growth factor-p1 (TGF-1), one of the important cy-
tokines in MF, can promote the proliferation of myo-
cardial fibroblasts, inhibit the degradation of colla-
genases and accelerate MF process’®. After binding
to cell surface receptors, TGF-B1 stimulates intra-
cellular signal transduction in which Smads2 acts as
a crucial substrate, and the stimulated Smads2 will
form transcription complexes to enter cell nucleus,
thereby regulating gene expression’. Hence, sup-
pressing the activity of TGF-B1 is one of effective
ways to treat MF. Micro ribonucleic acids (miR-
NAs) have become the study focuses in recent years
and play a key role in the development, proliferation,
differentiation, apoptosis and aging of organisms,
only 2% of them in biological genomes subject to
coding transcription, and the remaining to non-cod-
ing transcription'’. MiRNAs, a kind of conservative
non-coding RNAs with 20-24 nucleotides in length,
mainly bind to 3’-UTRs of their target gene messen-
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ger RNAs (mRNAs) and can repress the target gene
transcription or facilitate the degradation of target
gene mRNA!". Extensive literatures have proven
that miRNAs can participate in modulating the
proliferation and differentiation of fibroblasts, the
secretion of cytokines, or collagen metabolism and
other pathogenic processes of MF. Therefore, this
experiment is intended to study the effect of miR-9
regulation on rat MF and its mechanism of action, so
as to provide a new idea and strategy for the targeted
therapy of MF.

Materials and Methods

Experiment Animals

A total of 30 specific-pathogen-free (SP-
F)-grade male Sprague-Dawley (SD) rats weigh-
ing 200-230 g were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd.
(Beijing, China) with the certificate No. SCXK
(Jing) 2014-0001. This study was approved by the
Animal Ethics Committee of Yantai Hospital of
Traditional Chinese Medicine Animal Center.

Drugs, Reagents and instruments

Isoprenaline (ISO) was purchased from Sigma,
and miR-9 analogs from Sangon Biotech Co., Ltd.
(Shanghai, China).

Reagents

The hydroxyproline (Hyp) kit was purchased
from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China), type I and type III collagen kits
from Shanghai YuanMu Biological Technology
Co., Ltd. (Shanghai, China), reverse transcrip-
tion-polymerase chain reaction (RT-PCR) kit
from Thermo Fisher Scientific (Waltham, MA,
USA), miR-9 primers from Invitrogen, the mono-
clonal antibodies of TGF-p1, Smads2, and horse-
radish peroxidase (HRP) goat anti-rabbit second-
ary antibodies from Cell Signaling Technology,
Inc. (Danvers, MA, USA). 3,3’-diaminobenzidine
(DAB) development solution was provided by
Beyotime Biotechnology (Shanghai, China) and
polyvinylidene difluoride (PVDF) membranes by
EMD Millipore (Billerica, MA, USA).

Instruments

Spectrophotometer were obtained by (Shanghai
Xinmao Instrument Co., Ltd. Shanghai, China),
PCR instrument from (LongGene, Hangzhou,
China), gel imaging system (UVP, Waltham, MA,
USA), nucleic acid electrophoresis instrument

and wet protein transfer system were purchased
by Bio-Rad (Hercules, CA, USA).

Methods

Establishment of Rat Models of MF

After 7 d of adaptive breeding, the rats were
randomly divided into three groups: Sham group
(n=10), Model group (n=10) and MiR-9 group
(n=10). Except those in Sham group, the rats in
Model group and MiR-9 group were treated
through the subcutaneous injection with 5 mg/kg
ISO on their backs. Furthermore, the rats in Sham
group and MiR-9 group were injected with PBS
and miR-9 analog, respectively.

Determination of Heart Weight
(HW)/Body Weight (BW)

After the last intervention, the rats were fasted
for 24 h to measure BW. Then, they were anesthe-
tized using 10% chloral hydrate, and their thoracic
cavities were opened to take out the hearts. After
removing great vessels of heart and epicardial ad-
ipose tissues, the heart tissues were washed with
normal saline, and the excess normal saline was
absorbed by gauze, followed by the measurement
of HW and left ventricular weight (LVW) and the
calculation of HW/BW and LVW/BW.

Measurement of the Level of Hyp
Via Spectrophotometer

Hyp is one of main collagen tissue compo-
nents, and its content is substantially increased in
MF of tissues. A 50 mg sample of left ventricular
myocardial tissues was obtained from each group,
added with 1 mL hydrolysis solution, mixed even-
ly and bathed in boiling water for 20 min at PH
6.0-6.8, followed by the addition of 3 mL diluted
hydrolysis solution and activated carbon. Then,
they were mixed again and centrifuged, and the
supernatant was reserved. The resulting superna-
tant was added with 0.5 mL reagent I, II and III,
followed by bathing in 60°C water for 15 min and
centrifuging, and the supernatant was taken. Fi-
nally, the absorbency was determined at 550 nm,
and the content of Hyp (ug/mL) was calculated
according to the instruction.

Determination of the Levels of Type |
and Type Il Collagens in Heart Tissues
of Rats Via Enzyme-Linked
Immunosorbent Assay (ELISA)

The double-antibody sandwich ELISA was em-
ployed to measure the levels of type I and type
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IIT collagens in the heart tissues of rats. The ob-
tained myocardial tissues were pounded to pieces
in normal saline and centrifuged, and the super-
natant was taken. Next, the standard sample was
diluted for preparation according to the instruc-
tion. The diluted sample solution was added into
wells and then 50 pL biotin were added to mark the
antibodies, followed by incubation for 1 h. After
being cleaned, the resulting products were added
with horseradish peroxidase (HRP) to mark the an-
tibodies, followed by inoculation for 30 min and
drying with absorbent paper. Finally, the substrate
A and B solutions were added, and the absorbency
of each well was measured at 450 nm.

Detection of the Level of miR-9 in the
Heart Tissues of Rats Via RT-PCR

A 50 mg sample of myocardial tissues were
collected from rats and added with 0.5 mL TRIzol
reagent for lysis and 0.1 mL chloroform, followed
by mixing evenly and centrifuging into the two
layers of water and phenol. The transparent upper
layer was taken and added with the same volume
of ISO. They were put upside down to mix even-
ly and centrifuged to obtain the deposit, namely
total RNA. The concentration of RNA was mea-
sured using an ultraviolet spectrophotometer.
Complementary deoxyribonucleic acid (cDNA)
was synthesized using RevertAid™ First Strand
cDNA Synthesis Kit, and the synthesized cDNA
was stored at -80°C for standby use. Then, the
c¢DNA was utilized for PCR in accordance with
the instruction in PCR Master Mix Kit. The prim-
er sequence and bp value are shown in Table I.
The optical density of each band was analyzed
using ImageJ software.

Determination of the Levels of TGF-f1
and SmadsZ2 Proteins via Western
blotting

Rat myocardial tissues (50 mg) were taken from
each group and added with 1 mL pre-cooled ra-
dioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime, Shanghai, China) to fully lyse the tis-
sues, followed by centrifuging. The supernatant
was obtained. Different concentrations of bovine
serum albumin (BSA) standard solutions were
prepared to determine the content of proteins.
The protein sample (30 mg/well) was loaded for
electrophoresis with 12% sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel, followed by transferring onto PVDF
membrane rinsed by methanol in ice at 300 mA.
After that, the polyvinylidene difluoride (PVDF)

Table I. List of primers.

Gene name 5'---3'

miR-9 UCUUUGGUUAUCUAGCUGUAUGA
B-actin UUCUCCGAACGUGUCACGUTT
ACGUGACACUGGCGGAGAATT

membrane was sealed with 5% skim milk powder
and added with the primary antibody overnight.
On the next day, the secondary antibody was
added for incubation for 1 h, followed by devel-
opment with DAB development solution. Finally,
the optical density of bands was analyzed using
ImagelJ software.

Statistical Analysis

Data were statistically analyzed using Graph-
pad Prism 6.0 (La Jolla, CA, USA) and expressed
as (X+s). t-test was performed for analysis. p<0.05
suggested that the difference was statistically sig-
nificant.

Results

MiR-9 Down-Regulated HW/BW
of MF Rats

Compared with those in Sham group, the rats
in Model group after establishment of model were
prone to irritation and dysphoria, and had obvi-
ously raised HW/BW and LVW/BW (*p<0.05,
“p<0.01). After the intervention via adminis-
trating miR-9 analogs, the rats in MiR-9 group
exhibited significantly decreased HW/BW and
LVW/BW compared with those in Model group
(*p<0.05) (Table II).

MiR-9 Lowered the Content of Hyp
in Rat Myocardial Tissues

The Hyp content was markedly higher in the
rat myocardium of Model group than in that of
Sham group (“'p<0.01). After the intervention
with miR-9, the content of Hyp was signifi-
cantly increased by 0.026 pg/g, and there was a

Table Il. Analysis of HW/BW and LVW/BW.

Group HW/BW (mg/g) HW/BW (mg/g)
Sham group 2.45+0.18 1.86+0.27
Model group 3.98 + 0.34* 2.63+0.18%**
MiR-9 group 2.93+0.30# 2.24+012#
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Table Ill. Analysis of Hyp.

Group Hyp (ug/q)
Sham group 0.084+0.006

Model group 0.134+0.005%*
MiR-9 group 0.108+0.012##

statistical difference from that in Model group
(*"p<0.01, Table III). It suggests that miR-9 can
inhibit MF in rats by decreasing the production
of collagen.

MiR-9 Suppressed the Expressions
of Type I and Il Collagens in Rat
Myocardial Tissues

Model group showed substantially higher type
I and III collagen content in rat myocardial tis-
sues than Sham group (p<0.05, “p<0.01), and the
intervention with miR-9 notably repressed the
expressions of type I and III collagens (*p<0.05,
#p<0.01). The comparison showed a statisti-
cal difference between MiR-9 group and Model
group (Table 1V). The results further reveal that
the intervention can inhibit the expressions of col-
lagens.

The Expression of miR-9 Declined in the
Rat Model of MF

It was found in this study that miR-9 was close-
ly related to MF in rats. According to the RT-PCR
results, Model group had a markedly decreased
miR-9 expression compared with Sham group
("p<0.01, Figure 1A), but after the intervention
with miR-9, the expression of miR-9 was substan-
tially increased (**p<0.01), and MF in rats was
significantly suppressed (Figure 1B).

A
Sham Model miR-9

Table IV. Analysis of type I collagen and type I1I collagen.

Type | collagen Type Il collagen
Group (ng/L) (ng/L)
Sham group 3.23+0.38 2.14+0.34
Model group 7.2541.12™ 4.12+047
MiR-9 group 4.45+0.46" 2.96+0.58%

MiR-9 Regulated the TGF-f1/Smads
Signaling Pathway to Inhibit the
Expressions of TGF# 1/SmadsZ2 Proteins

To further explore the mechanism by which
miR-9 inhibited MF in rats, Western blotting
was performed to determine the levels of TGF-B1
and Smads2 proteins in the TGF-f1/Smads sig-
naling pathway generally recognized as the ca-
nonical one in MF (Figure 2A). Compared with
Sham group, Model group exhibited significantly
increased TGF-Bl and Smads2 expression lev-
els in rat myocardial tissues (“p<0.01, "p<0.05).
The levels of TGF-B1 and Smads2 expressions in
the rat myocardial tissues of miR-9 group were
significantly decreased, compared with those in
Model group (*p<0.01, Figure 2B).

Discussion

MF is the pathological result of multiple
heart diseases at terminal stage, and it is mainly
caused by the aberrant proliferation of myocar-
dial fibroblasts. The activated myocardial fibro-
blasts produce larger numbers of collagens that
are deposited in myocardial tissue gap, leading
to ventricular remodeling, increasing cardiac
load and inducing arrhythmia and heart failure
in severe cases'* °. The TGF-B1/Smads2 sig-
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Figure 1. MiR-9 was downregulated in myocardial fibrosis model rats. A, The bands of PCR. B, Analysis of PCR. (**p<0.01,

#p<0.01).
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Figure 2. MiR-9 suppresses the levels of TGF-f1 and Smads2 proteins. 4, The band of Western blotting. B, Analysis of West-

ern blotting (p<0.05, “p<0.01, *p<0.05, #p<0.01).

naling pathway is one of crucial pathways for
regulating MF. The over-expression of TGF-B1,
generally acknowledged as a pro-fibrogenic cy-
tokine, promotes the transformation of cardiac
fibrocytes into myocardial fibroblasts, thereby
accelerating the occurrence and development of
MF. Smads, the major downstream molecules
of TGF-B1, have several activating and inhibi-
tory receptors of which Smads2 receptor is the
first one to be activated'®. Therefore, an effective
treatment way of MF is to suppress the activa-
tion of TGF-B1. In recent years, great progress
has been achieved in the regulation of miRNAs
in MF, and it has been proven that many miR-
NAs participate in and regulate MF. Zhang et
al'” found that C-Ski, as an inhibitory regulator
in the TGF-B1 signaling pathway, can modulate
the proliferation of myocardial fibroblasts. They
targeted C-ski using miR-34/miR-93, thereby in-
hibiting ISO-induced MF in rats and TGF-B1-in-
duced myocardial fibroblast proliferation. Chen
et al'® transfected the miR-33 analog and inhib-
itor into primarily cultured cardiac fibroblasts,
and the results showed that the proliferation of
cardiac fibroblasts is repressed after the action
of miR-133 inhibitor. Moreover, they verified via
dual-luciferase reporter gene assay that MMP16
is the target gene of miR-33. It reveals that miR-
133 can inhibit MMPI16 and activate the p38
MAPK signaling pathway. According to by Ji et
al, knocking down miR-327 can suppress angio-
tensin II, thus suppressing the differentiation of
myocardial fibroblasts. It was found by Verjans et
al® that miR-221/miR-222 levels are significant-
ly decreased in the myofibroblasts of rat heart,
and negatively correlated with MF degree in MF
patients. Additionally, they found that miR-221/

miR-222 family can regulate several receptors in
the TGF-B1 signaling pathway, so they inferred
that the miR-221/miR-222 family will become
the potential treatment target of MF. In the pres-
ent study, the rat model of MF was established
by subcutaneously injecting of ISO, and the find-
ings showed that HW/BW and LVW/BW in Mod-
el group were markedly increased, so were Hyp
content and type I and type III collagen levels in
myocardial tissues. On the contrary, the HW/BW
and LVW/BW in MiR-9 group were significantly
lowered, so were Hyp content and type I and type
III collagen levels in myocardial tissues. To fur-
ther probe into the effect of miR-9 on MF in rats,
the levels of TGF-f1 and Smads2 proteins in the
TGF-B1/Smads signaling pathway, generally rec-
ognized as the canonical one in MF, were mea-
sured, and it was discovered that the levels were
suppressed after miR-9 intervention, suggesting
that miR-9 may mitigate MF in rats by inhibiting
the TGF-B1/Smads signaling pathway.

Conclusions

We found that miR-9 inhibits the expressions
of collagens by regulating the TGF-B1/Smads2
signaling pathway, and thereby suppresses MF in
rats, providing new evidence that miR-9 serves
as the treatment target of MF. There is no doubt
that the studies on miRNAs are still faced with
difficulties yet to be resolved and numerous chal-
lenges, but miRNAs have been applied in tumor
patients, which makes the studies in tumor field
more promising. Therefore, it is reasonable to be-
lieve that miRNAs also possess a broad prospect
in the prevention and treatment of MF.
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