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Abstract. – OBJECTIVE: To explore the role 
of microRNA-326 in myocardial fibrosis after 
myocardial infarction (MI) and its underlying 
mechanism.

MATERIALS AND METHODS: MI rat mod-
el was constructed via left anterior descend-
ing artery (LAD) ligation. Infarct tissues, infarct 
border zone tissues and remote zone tissues 
were harvested at postoperative 1st, 2nd, and 4th 
week, respectively. The mRNA levels of microR-
NA-325, collagen I, fibronectin, and transform-
ing growth factor-β1 (TGF-β1) in the above tis-
sues were detected by qRT-PCR (quantitative 
Real-time polymerase chain reaction). In vivo 
microRNA-325 upregulation was achieved by 
myocardial injection of microRNA-325 lentivi-
rus. The effect of overexpressed microRNA-325 
on overall survival (OS) and infarcted size was 
detected. Echocardiography was performed to 
evaluate rat cardiac function. Myocardial fibro-
sis affected by overexpressed microRNA-325 
was evaluated via detecting α-SMA expression. 
Primary cardiac fibroblasts (CFs) were isolated 
and cultured in vitro. Cell counting kit-8 (CCK-8) 
and transwell assay were performed to evaluate 
the effect of microRNA-325 on regulating prolif-
erative and migratory abilities of CFs. The reg-
ulatory role of microRNA-325 in GLI1 was veri-
fied by dual-luciferase reporter gene assay and 
Western blot.

RESULTS: MicroRNA-325 was downregulated 
in MI area, which was recovered to the normal 
level 4 weeks later. MicroRNA-325 overexpres-
sion could remarkably decrease the mortality 
and infarcted size of MI rats. Overexpressed mi-
croRNA-325 elevated LVEF and LVFS in MI rats. 
In vitro experiments demonstrated that microR-
NA-325 remarkably inhibited α-SMA expression, 
as well as proliferation and migration of CFs. 
Dual-luciferase reporter gene assay elucidated 
that microRNA-325 directly inhibited GLI1 ex-
pression. 

CONCLUSIONS: Overexpressed microR-
NA-325 alleviates myocardial fibrosis after myo-
cardial infarction via inhibiting GLI1 expression.
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Introduction

Acute myocardial infarction (MI) occurs after 
acute ischemic necrosis of myocardial tissue. MI 
is a clinical syndrome secondary to the rupture 
of coronary arteries and erosion, thrombosis and 
coronary artery occlusion, eventually resulting 
in ischemia, damage and necrosis of myocardial 
cells1-3. Although reperfusion therapy such as 
thrombolysis and percutaneous coronary inter-
vention could markedly reduce myocardial cell 
death in MI patients, MI can further lead to myo-
cardial remodeling4. Myocardial fibrosis after MI 
is one of the important steps in myocardial re-
modeling. The main pathological changes include 
cardiac fibroblast activation induced by ischemia 
and hyperplasia, and synthesis of large amounts 
of extracellular matrix (ECM). The above mani-
festations subsequently result in excessive depo-
sition of ECM and changes in collagen composi-
tion. Based on the fibrosis pathogenesis, myocar-
dial fibrosis is classified into alternative fibrosis 
and reactive fibrosis5.

MicroRNAs are a class of endogenous, short-
chain, non-coding RNAs with 18-22 nucleotides 
in length. Although microRNAs could not encode 
proteins due to the lack of open reading frame, 
they can degrade mRNA at transcriptional level 
by binding to the 3’UTR sequences of their target 
genes. Functionally, microRNAs regulate multi-
ple biological processes, including cell prolifera-
tion, differentiation, apoptosis, and development6. 
In recent years, a large number of microRNAs 
have been shown to regulate various signaling 
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pathways in myocardial fibrosis. For example, 
microRNA-208a has been shown to inhibit myo-
cardial fibrosis and improve cardiac function via 
targeting endoglin7. MicroRNA-208ab regulates 
myocardial fibrosis after MI through the tran-
scriptional factor GATA48. MicroRNA-34a inhib-
its myocardial fibrosis in MI mice via regulating 
SMAD49. MicroRNA-24 can improve myocardial 
fibrosis through transforming growth factor-β 
(TGF-β) pathway10.

Li et al11 have shown that differentially expressed 
microRNA-325 participates in the regulation of 
proliferation and migration of hematoma cells via 
targeting HMGB1. MicroRNA-325 is also differen-
tially expressed in non-small cell lung cancer and 
cervical cancer12,13. Meanwhile, microRNA-325 en-
hances myocardial autophagy by binding to ARC, 
which exerts a crucial role in myocardial function 
homeostasis14. However, the role and mechanism of 
microRNA-325 in interstitial fibrosis after MI still 
needs further investigation.

Materials and Methods 

MI Rat Model Construction 
8-week-old male Sprague-Dawley (SD) rats 

weighing from 180-220 g were obtained from 
Department of Laboratory Animal Science, Pe-
king University Health Science Center. MI rat 
model was constructed via left anterior descend-
ing artery (LAD) ligation15. Rats in sham group 
received the same procedures except for LAD 
ligation. Infarct tissues, infarct border zone tis-
sues and remote zone tissues were harvested at 
postoperative 1st, 2nd, and 4th week, respectively. 
Myocardial tissues were immediately preserved 
in liquid nitrogen. The study was approved by 
The Second Hospital of Dalian Medical Universi-
ty Ethics Committee. 

In Vivo Lentivirus Transfection
Rats were observed for 20 min after LAD liga-

tion. When smooth breath and regular rhythm of 
rats were recovered, 1×107 TU LV-MicroRNA-325 
and 1 × 107 TU LV-Vector per rat were injected 
into the myocardium 2 mm away from the in-
farcted area. 

RNA Extraction and qRT-PCR
(Quantitative Real-Time Polymerase 
Chain Reaction)

Total RNA was extracted from the tissues 
and cells using the TRIzol kit (Invitrogen, 

Carlsbad, CA, USA), respectively, followed 
by measurement of RNA concentration us-
ing an ultraviolet spectrophotometer (Hitachi, 
Tokyo, Japan). The complementary Deoxyri-
bose Nucleic Acid (cDNA) was synthesized 
according to the instructions of the miS-
criptRT II Kit. QRT-PCR was then performed 
based on the instructions of miScript SYBR 
Green PCR Kit. The relative expression level 
of the target gene was expressed by 2-ΔΔCt. 
Primers used in the study were as follows: 
Collagen I, F: TTCACCTACAGCACGCTTG, 
R: TTGGGATGGAGGGAGTTTAC; α-SMA, 
F: AGCCAGTCGCCATCAGGAAC, R: CCG-
GAGCCATTGTCACACAC; Fibronectin, F: AT-
GTGGACCCCTCCTGATAGT, R: GCCCAGT-
GATTTCAGCAAAGG; TGF-β1, F: TGAC-
GTCACTGGAGTTGTACGG; R: GGTTCAT-
GTCATGGATGGTGC; Collagen I α2, F: 
GCTTTGTGGATACGCGAACTC, R: CCAG-
CATTGGCATGTTGCT; Collagen III, F: GTTC-
GTGACCGTGACCTCG, R: TCTTGTCCTTG-
GGGTTCTTGC; GLI1, F: GGAGGACCTGC-
GGCTGACTGTGTAA, R: TGCTGTGCCTGT-
GGTCATCCTGATT; MicroRNA-325, F: GC-
CATTTCCTACAGCAACTC, R: CCATTTA-
CATTCACCATCTTC.

Measurement of MI Areas
Briefly, mice were anaesthetized 24 h after 

LAD ligation. 1 mL of Evans blue dye (2.0% 
solution; Sigma-Aldrich, St. Louis, MO, USA) 
was injected into the vena cava to define the 
ischemic zone. Hearts were rapidly sectioned 
into five slices. The slices were incubated in 1.0% 
TTC (Sigma-Aldrich, St. Louis, MO, USA) for 
15 min at 37°C. The infarcted area was defined 
as TTC-unstained area (white color). Infarct size 
was measured and calculated as the percentage of 
MI compared with the AAR16.

Cell Culture and Transfection 
Briefly, rats were anaesthetized with 1.0% 

isoflurane and sacrificed. The hearts were dis-
sected, minced, and digested to prepare for cell 
suspension. Cells were then pre-plated for 1 h. 
The resultant cell suspension was changed17. 
Cells were cultured in DMEM (Dulbecco’s 
Modified Eagle Medium) containing 10% FBS 
(fetal bovine serum), 100 U/mL penicillin and 
100 μg/mL streptomycin (HyClone, South Lo-
gan, UT, USA). Cells were maintained in a 5% 
CO2 incubator at 37°C. Culture medium was 
replaced every two days.
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Cell transfection was performed when the con-
fluence was up to 70% according to the instruc-
tions of Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA). LV-MicroRNA-325 and LV-Vec-
tor were constructed by Gene Pharma (Shanghai, 
China).

Cell Counting Kit-8 (CCK-8) Assay 
Transfected cells were seeded into 96-well plates 

at a density of 2 × 103/μL. 10 μL of CCK-8 solution 
(Cell Counting Kit-8, Dojindo, Kumamoto, Japan) 
were added in each well after cell adherence. The 
absorbance at 450 nm of each sample was measure 
by a microplate reader (Bio-Rad, Hercules, CA, 
USA). Each group had 6 replicates.

Transwell Assay 
Transfected cells were prepared for cell sus-

pension at a density of 1×106/mL. For transwell 
assay, 100 μL of cell suspension and 500 μL of 
DMEM containing 10% fetal bovine serum (FBS) 
were added into the upper and lower chamber, re-
spectively. After cell culture for 10 h, cells were 
washed with PBS (phosphate-buffered saline), 
fixed with 80% ethanol and stained with crys-
tal violet. Transwell chamber was observed and 
captured using an inverted microscope (Nikon, 
Tokyo, Japan). 

Dual-Luciferase Reporter Gene Assay 
Wild-type GLI (GLI1-WT) and mutant-type 

GLI (GLI1-MUT) were constructed based on 
psiCHECK2. Cells in logarithmic growth were 
seeded in the 24-well plates at a density of 4×105 
per well. MicroRNA-325 mimic or negative con-
trol and GLI1-WT or GLI2-MUT were co-trans-
fected in cells for 24 h. Luciferase activity was 
detected based on the instructions of Dual-Lu-
ciferase Reporter Assay System Kit (Promega, 
Madison, WI, USA). 

Echocardiography
Rats were anesthetized and chest hairs were 

removed. Vevo2100 Image system was used for 
acquiring transthoracic echocardiographic imag-
es (VisualSonics Inc., Toronto, Canada). Two-di-
mensional parasternal short-axis images were 
measured at the level of the mid-papillary muscle, 
and M-mode tracings were recorded. LVESD 
(left ventricular end systolic dimension), LVEDD 
(left ventricular end diastolic dimension), LVEF 
(left ventricular ejection fraction) and LVFS (left 
ventricular fractional shortening) of each rat were 
recorded. 

Western Blot 
Total protein was extracted from treated cells 

by radioimmunoprecipitation assay (RIPA) solu-
tion (Beyotime, Shanghai, China). Protein sam-
ple was separated by electrophoresis on 10% 
SDS-PAGE (sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis) and then transferred 
to PVDF (polyvinylidene difluoride) membrane 
(Roche, Basel, Switzerland). After membranes 
were blocked with skimmed milk, the mem-
branes were incubated with primary antibodies 
(Cell Signaling Technology, Danvers, MA, USA) 
overnight at 4°C. The membranes were then 
washed with TBST (Tris-buffered Saline with 
Tween 20) and followed by the incubation of 
secondary antibody at room temperature for 1 h. 
The protein blot on the membrane was exposed 
by enhanced chemiluminescence (ECL).

Statistical Analysis 
Prism 7.0 statistical software (La Jolla, CA, 

USA) was used for data analysis. Measurement 
data were expressed as mean ± standard devi-
ation (x– ± s) and compared using the t-test. p < 
0.05 considered the difference was statistically 
significant.

Results 

MicroRNA-325 was Downregulated 
After MI

MI rat model was constructed via LAD li-
gation. MicroRNA-325 was downregulated in 
infarct tissues, infarct border zone tissues and 
remote zone tissues of MI rats compared with 
rats of sham group. The expression level of mi-
croRNA-325 was gradually elevated and restored 
to the normal level 4 weeks later (Figure 1A). 
Meanwhile, the expression levels of collagen I, 
fibronectin, and TGF-β1 were upregulated within 
the first week, gradually decreasing in the long 
period (Figure 1B-1D). The data demonstrated 
that there may be a close correlation between 
microRNA-325 and myocardial fibrosis after MI. 

Overexpressed microRNA-325 Improved 
Cardiac Function After MI

MicroRNA-325 expression was upregulated 
via myocardial injection of lentivirus (Figure 
2A). Overexpressed microRNA-325 remark-
ably decreased the mortality and infarct size 
of MI rats (Figure 2B and 2C). Echocardi-
ography was performed after MI rat model 
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construction for 2 weeks. The results eluci-
dated that LVEF and LVFS in MI rats were 
remarkably improved after microRNA-325 
overexpression (Figure 2D and 2E). Further-
more, we speculated that infarct size decline 
is the result of decreased apoptosis and fibro-
sis of normal myocardium. The data showed 
that there was no significant difference in 
INF/AAR (infarct range/area at risk) between 
rats transfected with LV-MicroRNA-325 and 
LV-Vector (Figure 2F). 

Overexpressed microRNA-325 Improved 
Myocardial Fibrosis After MI

To evaluate the effect of microRNA-325 on 
regulating myocardial fibrosis, cardiac tissues 
were harvested after MI rat model construction 
for 2 weeks. The data revealed that microR-

NA-325 overexpression remarkably downreg-
ulated collagen I and α-SMA (Figure 3A). The 
mRNA levels of collagen I α2, collagen III, 
fibronectin, and α-SMA were also decreased 
after microRNA-325 overexpression (Figure 
3B). Subsequently, CFs were isolated and trans-
fected with LV-MicroRNA-325. In vitro trans-
fection efficacies of LV-MicroRNA-325 and 
LV-Vector were verified by qRT-PCR (Figure 
3C). Similar to those of in vivo results, overex-
pressed microRNA-325 decreased the expres-
sions of collagen I and α-SMA in CFs (Figure 
3D). Proliferative and migratory abilities of 
CFs were also inhibited by LV-MicroRNA-325 
transfection (Figure 3E and 3F), indicating 
that microRNA-325 participates in myocardial 
fibrosis via regulating cell proliferation and 
migration.

Figure 1. MicroRNA-325 was downregulated after MI. A, The expression level of microRNA-325 was gradually elevated 
and restored to the normal level 4 weeks later. B-D, Expression levels of collagen I (B), fibronectin (C) and TGF-β1 (D) were 
upregulated within the first week, whereas gradually decreased since after.
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GLI1 Was the Target Gene of microRNA-325
The target gene of microRNA-325 was pre-

dicted by bioinformatics and GLI1 was screened 
out. Differentially expressed GLI1 has been pre-
viously proved to be related to fibrosis18. Du-
al-luciferase reporter gene assay demonstrated 
that microRNA-325 remarkably decreased the 
luciferase activity of GLI1-WT than that of GLI1-
MUT, indicating that microRNA-325 directly 
binds to GLI1 (Figure 4A and 4B). Both mRNA 
and protein levels of GLI1 were inhibited by mi-
croRNA-325 overexpression (Figure 4C and 4D), 
further indicating that microRNA-325 negatively 
regulates GLI1.

Discussion 

Heart interstitial fibrosis is one of the cru-
cial pathological processes of cardiac remodeling 

after MI, which is involved in the process of 
impaired myocardial contractility and failure19. 
Current studies have found that early myocardial 
fibrosis after MI is a favorable pathological pro-
cess that is conducive to the healing of scar tissue 
and prevention of ventricular rupture. However, 
fibrosis in the infarct border zone after MI is an 
unfavorable pathological process that promotes 
cardiac remodeling, cardiac compliance decline 
and even heart failure15. Therefore, it is of great 
significance to prevent cardiac structure and pre-
serve cardiac function after MI.

In the present work, microRNA-325 was 
downregulated in infarct size within the first 
week after MI. Downregulated microRNA-325 
was beneficial to collagen fibers deposition in the 
infarct area, scar tissue formation and inhibition 
of infarct area expansion. Afterwards, microR-
NA-325 expression was gradually elevated and 
restored to the normal level at the 4th week, indi-

Figure 2. Overexpressed microRNA-325 improved cardiac function after MI. A, MicroRNA-325 expression was upregulated 
via myocardial injection of lentivirus. B, C, Overexpressed microRNA-325 remarkably decreased the mortality (B) and infarct 
size (C) of MI rats. D, E, LVEF (D) and LVFS (E) in MI rats were remarkably improved after microRNA-325 overexpression. 
F, There was no significant difference in INF/AAR between rats transfected with LV-MicroRNA-325 and LV-Vector.
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cating that microRNA-325 may be the favorable 
factor for inhibiting myocardial fibrosis in infarct 
border zone. 

Myocardial fibrosis is mainly characterized 
by the excessive accumulation of ECM, such as 
collagen fibers. During the process of myocardi-
al fibrosis, myocardial fibroblasts are activated, 
proliferated and transformed into myofibroblasts 
expressing α-SMA20,21. Myofibroblasts further 

synthesize and secrete large amounts of ECM 
proteins, providing a structural framework for 
cardiomyocytes and inhibiting the spread of car-
diac electrical activity. Collagen I and collagen 
III are the two main structural proteins of ECM. 
α-SMA is the typical marker for the conversion of 
cardiac fibroblasts into myofibroblasts. Therefore, 
collagen I α2, collagen III and α-SMA are often 
served as indicators of myocardial fibrosis22,23. 

Figure 3. Overexpressed microRNA-325 improved myocardial fibrosis after MI. A, MicroRNA-325 overexpression 
remarkably downregulated collagen I and α-SMA. B, The mRNA levels of collagen I α2, collagen III, fibronectin and α-SMA 
were decreased after microRNA-325 overexpression. C, In vitro transfection efficacies of LV-MicroRNA-325 and LV-Vector 
were verified by qRT-PCR. D, Overexpressed microRNA-325 decreased expressions of collagen I and α-SMA in CFs. E, F, 
Proliferative (E) and migratory (F) abilities of CFs were inhibited by LV-MicroRNA-325 transfection.
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Our results suggested that microRNA-325 over-
expression remarkably decreased the elevated 
collagen I α2, collagen III and α-SMA in MI 
tissues, indicating the anti-fibrosis effect of mi-
croRNA-325.

GLI1 is inactive in mature normal tissues. Ab-
normally expressed GLI1 often leads to different 
types of diseases such as tumors and organ tissue 
fibrosis. Authors24,25 have found that GLI1 is 
overexpressed in the formation and development 
of many organ fibrosis. For example, GLI1 is ab-
normally activated in an animal model of pancre-
atic cancer fibrosis. Overexpressed smoothened 
promotes fibrosis of pancreatic cancer through 
regulating GLI1 via Sonic Hedgehog pathway26. 
In this study, microRNA-325 could directly bind 
to GLI1 and degrade its expression, indicating the 
potential role of GLI1 in myocardial fibrosis.

Conclusions 

We showed that overexpressed microRNA-325 
alleviates myocardial fibrosis after myocardial 
infarction via inhibiting GLI1 expression.
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