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Abstract. – OBJECTIVE: To elucidate the 
role of microRNA-378-containing microvesicles 
(MVs) in the process of myocardial fibrosis and 
its underlying mechanism. 

MATERIALS AND METHODS: In vivo chron-
ic myocardial fibrosis (MF) model in rats was 
established by aortic coarctation method. Mi-
croRNA-378 mimic or inhibitor was injected in-
to the rat tail vein at day 3 after the aortic coarc-
tation. Two weeks later, rats were sacrificed for 
collecting myocardium. MVs were isolated from 
rat cardiomyocytes and further verified by de-
tecting the expression level of its marker CD63. 
Expression levels of fibrosis-related indicators 
and microRNA-378 in MVs were determined by 
quantitative Real Time-Polymerase Chain Reac-
tion (qRT-PCR) and Western blot. After induc-
tion with transforming growth factor-β1 (TGF-β1) 
in primary rat cardiomyocytes for different time 
points, expression levels of fibrosis-related in-
dicators and microRNA-378 were also accessed. 
Changes in mitogen-activated protein kinase 
(MAPK) pathway were observed during the pro-
cess of MF by qRT-PCR and Western blot.

RESULTS: Expression levels of microR-
NA-378-containing MVs decreased, and the MAPK 
pathway was activated during the process of MF, 
which further aggravated MF. 

CONCLUSIONS: MicroRNA-378-containing MVs 
alleviate myocardial fibrosis through inhibiting the 
phosphorylation of MAPK.
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Introduction

With the society development, living standard 
improvement and lifestyle changes, the prevalen-
ce and mortality of cardiovascular diseases are on 

the rise. In China, the incidence of cardiovascular 
disease is about 20%, and its mortality accounts 
for as high as 40%. It is estimated that the preva-
lence of cardiovascular diseases will continue to 
increase in the next decade rapidly. Cardiovascu-
lar diseases not only pose serious burdens on af-
fected patients and their families, but also influen-
ce social and economic development. Therefore, 
it is particularly urgent to search for efficient pre-
vention and treatment methods of cardiovascular 
diseases.

Regardless of the pathogenic causes of car-
diovascular diseases, the common pathologi-
cal outcome is myocardial fibrosis in the late 
stage. Myocardial fibrosis (MF) manifests as 
cardiomyocyte proliferation and excessive de-
position of extracellular matrix in the myocar-
dium1,2. MF is an essential cause of ventricular 
remodeling3. Its pathological performances in-
clude increased myocardial stiffness, decreased 
myocardial contractility, and reduced coronary 
flow reserve, eventually causing myocardial 
ischemia, and even malignant arrhythmia and 
sudden death4.

However, the specific pathogenesis of MF has 
not been well elucidated so far. A large number of 
studies5-8 have shown that transgenic growth fac-
tors, inflammatory factors, renin-angiotensin-al-
dosterone system, regulatory cytokines, oxidative 
stress, endothelial dysfunction, intracellular cal-
cium, and other factors are responsible for the pa-
thogenesis of MF. These factors influence the oc-
currence and development of MF through various 
pathways. There are many cell-cell communica-
tion methods, among which, microvesicles (MVs) 
have been concerned in recent years9. MVs are 
widely present in living organisms, and secreted 
by almost all cells in mammals. MVs contain a 
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variety of biological information substances, such 
as proteins, lipids, nucleic acids, ions, etc., and 
they transmit information to target cells through 
the ligand-receptor. MVs are proved to regulate 
cardiovascular disease10,11, immune escape of tu-
mor cells12, renal interstitial fibrosis13-15, and fe-
to-maternal communication16. 

MicroRNAs are a class of endogenous, 
non-coding single-stranded RNAs of approxi-
mately 22 nucleotides in length17. They are 
widely found in eukaryotes. It is reported that 
microRNAs are able to regulate one-third of 
human genes. Previous researches on microR-
NA-regulated apoptosis were mainly focused 
on tumor cells18. Recently, the crucial function 
of microRNAs in tissue fibrosis has been in-
creasingly recognized. MicroRNA-378 exerts 
its biological role in the process of liver, lung, 
kidney, and myocardial fibrosis19-22. It affects in-
tercellular communication mainly through mi-
togen-activated protein kinase/extracellular re-
gulated protein kinases (MAPK/ERK) pathway. 
Therefore, we hypothesized that microRNA-378 
participates in the development of MF throu-
gh the MAPK/ERK pathway. We specifically 
explored the possible mechanism of MF in this 
study, which will bring new therapeutic targets 
for the treatment of chronic ischemic heart di-
seases.

Materials and Methods 

Animals
Male Wistar rats in clean level weighing 245-

320 g were obtained from the Experimental Ani-
mal Center of Nanjing University and were given 
to normal diet and water. Rats were randomly 
assigned into sham group, AC 1 w group, AC 2 
w group, and AC 3 w group, with 4 rats in each 
group. Rat myocardium was harvested at posto-
perative 1, 2 and 4 weeks, respectively. This study 
was approved by the Animal Ethics Committee of 
Qingdao University Animal Center.

Aortic Coarctation Procedures 
Rats were fasted 12 hours before surgery. They 

were intraperitoneally anesthetized with 10% 
chloral hydrate (0.4 mL/100 g) and placed on the 
surgical table. The abdominal aorta was fully 
exposed by opening the left upper abdomen and 
ligated 0.5 cm above both sides of renal arteries 
with the needle. Subsequently, the needle was re-
moved, and the abdominal aorta was expected to 

narrow by about 50%-60%. Rats in sham group 
were only cut open without performing ligation. 
The postoperative intramuscular injection of 
50000 U penicillin was performed to prevent in-
fection.

MicroRNA-378 Overexpression 
or Knockdown in Rats 

A full-length expression plasmid (1 mg/kg) 
dissolved in 2 mL of saline was quickly injected 
into the rat tail vein in 10 s at day 3 after the aortic 
coarctation. Rats in N.C. group were administra-
ted with the pcDNA3.1 diluted in the same volu-
me of saline. Two weeks later, rats were sacrificed 
for harvesting myocardial tissues.

Culture of Primary Rat Cardiomyocytes 
Culture medium: PriCells Medium + 10% fe-

tal bovine serum (FBS; Gibco, Rockville, MD, 
USA) + 1% P/S + PriCells Supplement. Washing 
buffer: 1 × phosphate-buffered saline (PBS) 
(pH 7.4) + 1% P/S. Digestion solution: PriCells 
Isolation of Primary Cell Kit. Briefly, hearts of 
neonatal rats with 1-3 days old were harvested 
and washed in the washing buffer. The atria was 
collected and washed until the washing buffer 
was clear. Subsequently, the atria was cut into 
1 mm3 tissue and digested in 10 mL of dige-
stion solution at 37°C water bath for 8 min. The 
remaining tissues were continually digested for 
another 10 min after discarding the supernatant 
for 3-5 times. The terminated digestion solution 
was centrifuged at 1000 rpm/min for 10 min, 
and cells were cultured in a bottle at a density 
of 5 × 105/mL. 

MVs Isolation and Observation
MVs were isolated from cell supernatant by 

ultracentrifugation. Briefly, cell culture was col-
lected and centrifuged at 4°C, 300 g/min for 5 
min, 1,200 g/min for 20 min, and 10,000 g/min 
for 30 min sequentially. The suspension was har-
vested for centrifugation again at 110,000 g/min 
for 60 min and the precipitate was MVs. MVs 
were resuspended in PBS and observed using the 
transmission electron microscope.

Western Blot 
Total protein was extracted for determining 

protein concentration. After being separated 
by sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE), proteins were 
transferred to the membrane and blocked with 
5% skim milk for 1 hour. The specific primary 



W.-Y. Liu, H.-H. Sun, P.-F. Sun

4400

antibody was used to incubate with the membra-
ne overnight at 4°C. After being washed with 1 
× tris buffered saline-tween (TBST) for 5 times, 
the secondary antibody was used to incubate the 
membrane for 2 h at room temperature. After 
washing with 1×TBST for 1 min, the chemilu-
minescent substrate kit was used for exposure of 
the protein band. Primary antibodies used here 
were: FN (cat: 3648, Sigma-Aldrich, St. Louis, 
MO, USA), α-SMA (cat: 5691, Sigma-Aldrich, 
St. Louis, MO, USA), COL-1 (cat: 34710, Ab-
cam, Cambridge, MA, USA), p-MAPK (cat: 
126425, Abcam, Cambridge, MA, USA), CD63 
(cat: ab59479, Abcam, Cambridge, MA, USA) 
and actin (cat: sc1616, Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA). 

Quantitative Real Time-Polymerase Chain 
Reaction (qRT-PCR)

We used TRIzol (Invitrogen, Carlsbad, CA, 
USA) to extract total RNA from cells or tissues for 
reverse transcription according to the instructions 
of PrimeScript RT reagent Kit (TaKaRa, Otsu, 
Shiga, Japan). 1 μL of complementary deoxyribose 
nucleic acid (cDNA) was collected for PCR using 
SYBR Green method. CT value was recorded 
through ABI7300 system (Applied Biosystems, Fo-
ster City, CA, USA) and the relative gene expression 
was calculated with 2ΔCT method. Primer sequences 
used in this study were as follows: FN, F: 5’-CCAG-
GAACCCCTCCTTACTC-3’, R: 5’-ACTAGG-
GTGTGTCCGAAGGA-3’; microRNA-378, F: 
5’-GGCCTGTAAACATCCTCGACTG-3’, R: 
5’-ATGTCGTGGTGCGTAGTCG-3’; COL-1, 
F: 5’-ATTCAGCGGCATTTGGACAA-3’, R: 
5’-CGTATAGCGACAGTTCGCGAT-3’; α-SMA, 
F: 5’-ATTACCCGGCATTTGGACAA-3’, R: 
5’-TTAACCGAATAGCGACAGTTCT-3’; CD63: 
F: CACGCTCTCACCTCTGTCTACTG, R: 
GCTACGGGGGCTTGTCACT; p-MAPK: F: 
CAGCTGGAGAGTGTGCCTGCG, R: GGTGT-
GTGCTCTGCTTGAGACT; U6: F: 5’-GCTTCG-
GCAGCACATATACTAAAAT-3’, R: 5’-CGCT-
TCAGAATTTGCGTGTCAT-3’; GAPDH: F: 
5’-CGCTCTCTGCTCCTCCTGTTC-3’, R: 
5’-ATCCGTTGACTCCGACCTTCAC-3’. 

Echocardiography
Rats were anesthetized with intraperitoneal 

injection of sodium pentobarbital (0.04 g/kg) and 
placed in a supine position on a wooden board 
with 30° to the left. The chest area was depilated, 
and connected with ECG II. A ULTRAMARK 
9 ultrasound instrument connected with a wi-

de-band linear array probe (10 MHz to 5 MHz) 
was used here. The detection frequency was 6.0 
MHz, the probe length was 38 mm and the image 
depth was 2.5 cm. The probe was placed on the 
left side of the sternum, with 10° to 30° from the 
midline of the sternum, showing the long axis of 
the left ventricle of the sternum. The short axis of 
the left ventricle of the sternum would be shown 
when the probe was rotated 90° clockwise. Dop-
pler flow detection was performed at mitral, aor-
tic and pulmonary valves at the angle of 18°, 50°, 
and 2°, respectively. The sampling volume was 1 
mm. Clear images were captured for subsequent 
analyses.

Ultrasonic Measurement Index
Left ventricular end-diastolic anterior wall thi-

ckness (AWT), posterior wall thickness (PWT), 
left ventricular end-diastolic diameter (LVDd), 
and left ventricular end-systolic diameter (LVDs) 
were recorded. Left ventricular end-diastolic vo-
lume (LVEDV) and left ventricular end-systolic 
volume (LVESV) were calculated from the left 
internal diameter (D) according to the formula 
V=1.04×D3. Stroke volume (SV) = LVEDV-LVE-
SV. Left ventricular ejection fraction (EF) = SV / 
LVEDV × 100%.

Transfection 
Cells were seeded in a 6-well plate with the 

serum-containing medium. Until 90-95% of cell 
fusion, 1.5 mL of serum-free medium was repla-
ced per well. 2.5 μg of plasmid DNA and 5 μL 
of Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA) were diluted with 250 μL Opti-MEM, 
respectively, and incubated for 5 min at room 
temperature. After mixture and maintenance at 
room temperature for 20 min, 500 μL of the tran-
sfection mixture was added to each well. The me-
dium was replaced 6 h later. Cells induced with or 
without transforming growth factor-β1 (TGF-β1) 
were collected 48 hours later.

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 16.0 statistical software (SPSS Inc., Chi-
cago, IL, USA) was used for data analysis. Mea-
surement data were expressed as mean ± standard 
deviation (x̅±s). Comparison of measurement 
data was conducted using the t-test. Comparison 
of differences among each group was conducted 
using one-way ANOVA, followed by Post-Hoc 
Test (Least Significant Difference). p<0.05 was 
considered statistically significant.
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Results

MicroRNA-378 Expression Decreased 
in MF Rats

First of all, a chronic MF model in rats was establi-
shed by aortic coarctation method. Rats were sacrifi-
ced for harvesting myocardial tissues at postoperati-
ve 1, 2, and 4 weeks, respectively. Expression levels 
of fibrosis-related indicators in rat myocardium were 
determined. Compared with sham group, protein 
expressions of FN, collagen I (COL-1), and α-SMA 
in MF rats gradually increased with the prolonga-
tion of MF (Figure 1B). Identically, mRNA levels 
of FN, COL-1, and α-SMA in rat myocardium also 
increased in a time-dependent manner (Figure 1B-
D). Subsequently, microRNA-378 expression was 
determined in rat myocardium at postoperative 1, 2, 
and 4 weeks, respectively. Its expression gradually 
decreased in a time-dependent manner after aortic 
coarctation (Figure 1E and 1F). The above results 
indicated downregulation of microRNA-378 expres-
sion in MF rats.

TGF-β1 Induced Phenotypic Changes in 
Primary Rat Cardiomyocytes

Primary rat cardiomyocytes were induced 
with 5 ng/mL TGF-β1 for 12 h, 24 h, and 48 h, 
respectively. Western blot results indicated that 
protein levels of FN, COL-1, and α-SMA were 

time-dependently elevated (Figure 2A). In the 
process of MF, we suspected that the amount of 
signaling-containing MVs increased. Therefore, 
we extracted MVs in culture medium and veri-
fied by detecting the protein expression of CD63 
(a marker of MVs) using Western blot. With the 
prolongation of TGF-β1 induction, the protein le-
vel of CD63 was gradually elevated in primary 
rat cardiomyocytes (Figure 2B). The mRNA level 
of CD63 showed the similar trend, revealing the 
increased amount of MVs (Figure 2C). MicroR-
NA-378 transmits cell-cell information throu-
gh MVs. Subsequently, we detected the mRNA 
expression of microRNA-378 in MVs extracted 
from the same volume of culture medium, and 
found that microRNA-378 expression gradual-
ly decreased with the prolongation TGF-β1 in-
duction (Figure 2D). The above results elucidated 
that microRNA-378 expression in MVs decreased 
during the process of TGF-β1-induced MF.

MicroRNA-378 Overexpression Elevated 
EF and Inhibited MF

To elucidate the regulatory effect of microR-
NA-378 on the development of MF, we administra-
ted microRNA-378 mimic or inhibitor in rat tail vein 
after aortic coarctation for consecutive three days. 
Transfection efficacy of microRNA-378 mimic and 
inhibitor was first verified by qRT-PCR (Figure 3A). 

Figure 1. MicroRNA-378 expression decreased in MF rats. A, Western blot analyses of FN, COL-1, and α-SMA in rat myo-
cardium. B-D, The mRNA levels of FN (B), COL-1 (C), and α-SMA (D) in rat myocardium. E, Relative expression of microR-
NA-378 in rat myocardium. F, The mRNA level of microRNA-378 in rat myocardium. *p<0.05, **p<0.01. 
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Two weeks after aortic coarctation, the left ventri-
cular ejection fraction (EF%) of rats was measured 
by echocardiography. Rats injected with microR-
NA-378 mimic showed higher EF% than controls, 
whereas those injected with microRNA-378 inhibi-
tor had much lower EF%. Rat myocardium was har-
vested after plasmids administration for two weeks. 
Western blot results revealed higher protein expres-
sions of FN and α-SMA in the myocardium of rats 
injected with microRNA-378 inhibitor, whereas tho-
se overexpressing microRNA-378 showed downre-
gulated FN and α-SMA (Figure 3C). The mRNA 
levels of FN and α-SMA in rats administrated with 
microRNA-378 mimic or inhibitor presented the 
same trends as their protein levels (Figure 3D and 
3E). Therefore, we hypothesized that overexpression 
of microRNA-378 alleviated MF.

Inhibition of MAPK Pathway Alleviated MF 
Previous studies have shown that inhibition of 

the MAPK pathway can alleviate renal interstitial 
fibrosis21. We thereafter speculated whether the 

regulatory effect of microRNA-378 on the deve-
lopment of MF relied on the MAPK pathway inhi-
bition in cardiomyocytes. First, we found that the 
protein level of p-MAPK remarkably increased at 
2 weeks after aortic coarctation (Figure 4A). The 
mRNA level of p-MAPK was identically elevated 
(Figure 4B). In vitro experiments showed upregu-
lation of p-MAPK in primary rat cardiomyocytes 
with TGF-β1 induction for 48 h (Figure 4C). The 
mRNA level of p-MAPK in TGF-β1-induced car-
diomyocytes increased as well (Figure 4D). Simi-
larly, both protein and mRNA levels of p-MAPK 
pronouncedly increased in rats administrated 
with microRNA-378 inhibitor (Figure 4E and 4F). 
The above results indicated that microRNA-378 
attenuated MF by inhibiting MAPK pathway.

Discussion

Heart failure is the end-stage performance of 
various cardiovascular diseases. Its high morbidi-

Figure 2. TGF-β1 induced phenotypic changes in primary rat cardiomyocytes. Primary rat cardiomyocytes were induced 
with 5 ng/mL TGF-β1 for 12 h, 24 h, and 48 h, respectively. A, Western blot analyses of FN, COL-1, and α-SMA. B, Western 
blot analysis of CD63. C, The mRNA level of CD63. D, The mRNA level of microRNA-378. *P<0.05, **P<0.01. 
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Figure 3. MicroRNA-378 overexpression elevated EF and inhibited MF. A, Transfection efficacy of microRNA-378 mimic 
and inhibitor was first verified by qRT-PCR. B, EF (%) in rats administrated with microRNA-378 mimic or inhibitor. C, We-
stern blot analyses of FN and α-SMA in rats administrated with microRNA-378 mimic or inhibitor. D, The mRNA level of 
FN in rats administrated with microRNA-378 mimic or inhibitor. E, The mRNA level of α-SMA in rats administrated with 
microRNA-378 mimic or inhibitor. *p<0.05, **p<0.01.

Figure 4. Inhibition of the MAPK pathway alleviated MF. A, Western blot analyses of p-MAPK and MAPK in rats at two 
weeks after aortic coarctation. B, The mRNA level of p-MAPK in rats at two weeks after aortic coarctation. C, Western blot 
analyses of p-MAPK and MAPK in rats at two weeks after TGF-β1. D, The mRNA level of p-MAPK in primary rat car-
diomyocytes with TGF-β1 induction for 48 h. E-F, Relative expression of p-MAPK in rats administrated with microRNA-378 
mimic or inhibitor. *p<0.05, **p<0.01.
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ty and mortality seriously affect the life quality of 
affected patients. Therefore, prevention and tre-
atment of cardiovascular diseases are hotspots in 
cardiovascular researches.

MF is the common pathological outcome in a 
certain stage of cardiovascular diseases23. Current 
researches24,25 demonstrated that multiple factors 
may be explained for the pathogenesis of MF. Pa-
thophysiological processes, molecular biology, and 
drug intervention of MF are the research focuses. 
Myocardial ischemia model, aortic coarctation mo-
del, and chronic emergency model are usually uti-
lized as the in vivo MF model in experimental re-
searches. This study established the in vivo chronic 
MF model in rats by aortic coarctation method and 
in vitro MF model by TGF-β1 induction in primary 
rat cardiomyocytes, to observe expression changes 
in fibrosis markers and microRNA-378.

MAPK is a highly conserved pathway invol-
ved in various cellular functions, including cell 
proliferation, differentiation, and migration, espe-
cially in tumor formation and migration. Previous 
studies19-22 have shown that potential function of 
microRNA-378 in tissue fibrosis is achieved by 
activating the MAPK pathway. We, therefore, 
hypothesized that microRNA-378 is involved in 
MF by activating this pathway. MicroRNA-378 
mimic and inhibitor were constructed. Changes 
in expressions of relative genes in the MAPK pa-
thway further verified our idea.

The shortcoming of this investigation was that we 
only established the aortic coarctation model for elu-
cidating the potential mechanism of MF. Whether 
similar biological effects have existed in other MF 
models are needed to be further explored.

Conclusions

We showed that microRNA-378-containing 
MVs alleviate myocardial fibrosis through inhibi-
ting the phosphorylation of MAPK.
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