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Abstract
Background/Aims: Cardiac fibrosis after myocardial infarction (MI) has been identified as an 
important factor in the deterioration of heart function. Previous studies have demonstrated 
that miR-21 plays an important role in various pathophysiological processes in the heart. 
However, the role of miR-21 in fibrosis regulation after MI remains unclear. Methods: To induce 
cardiac infarction, the left anterior descending coronary artery was permanently ligated of 
mice. First, we explored the expression of miR-21 in the infarcted zone in mice model of MI via 
RT-qPCR. Next, we examined the effects of TGF-β1 on miR-21 expression in cardiac fibroblasts 
(CFs). Then, CFs were infected with miR-21 mimics or miR-21 inhibitors to investigate the 
effects of miR-21 on the process of CFs activation in vitro. Further, bioinformatics analysis and 
luciferase reporter assay were performed to identify and validate the target gene of miR-21. At 
last, in-vivo study was done to confirm MiR-21 regulated myocardial fibrosis after MI in mice. 
Results: MiR-21 was up-regulated in the infarcted zone after MI in vivo. TGF-β1 treatment 
increased miR-21 expression in CFs. Overexpression of miR-21 promoted the effects of TGF-
β1-induced activation of CFs, evidenced by increased expression of Col-1, α-SMA and F-actin, 
whereas inhibition of miR-21 attenuated the process of fibrosis. Bioinformatics, Western blot 
analysis and luciferase reporter assay demonstrated that Smad7 is a direct target of miR-21. 
In addition, in-vivo study revealed that MiR-21 regulated myocardial fibrosis after MI in mice. 
Conclusion: These findings suggested that miR-21 has a critical role in CF activation and 
cardiac fibrosis after MI through via TGF-β/Smad7 signaling pathway. Thus, miR-21 promises 
to be a potential therapy in treatment of cardiac fibrosis after MI.
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Introduction

Myocardial infarction (MI) remains the leading cause of death in the world, especially 
in Western countries [1, 2]. In recent decades, major advances in prevention and treatment 
have led to dramatic decline in morbidity and mortality rates following MI [3, 4]. In spite 
of these advances in both the early management and longer-term treatment, MI was still a 
major cause of disability worldwide [5].Multiple pathological changes appear in the heart after MI, among, cardiac fibrosis plays 
a vital role in regulating heart function and development of heart failure, and determining the 
size, shape and wall thickness of ventricles [6-8].. Accumulating evidence has demonstrated that excessive fibrosis would lead to ventricular dilation, infarct expansion, and heart failure [9-11]. Thus, effective interventions to inhibit cardiac fibrosis may have potential therapeutic 
effects on improving heart function and even reducing mortality risk [12-14].

MicroRNAs (miRNA) are short RNA sequences of 20-23 nucleotides. They act as 
negative regulators of gene expression by inhibiting mRNA translation or promoting mRNA 
degradation [15, 16]. Recently, key roles of miRNAs in various pathophysiological processes, including cardiac fibrosis, were reported in a number of studies, indicating a new mode of 
regulation of cardiac diseases [17-20]. For instance, miR-21 was demonstrated to be an important regulator in fibroblasts proliferation and fibrosis [21], and miR-29, miR-30 and 
miR-133 have been found to inhibit collagen expression [22, 23]. These miRNAs are known to interact with and modulate various components of fibrotic program. Among, miR-21 has been extensively studied because many of its targets are relevant to fibrosis and especially related to the modulation of TGF-β1 signaling pathway, which has been demonstrated to play a central role in the onset and progression of fibrosis in multiple organs [24]. To date, miR-21 has been reported to be associated with fibrosis in experimental models of lung and kidney [25-27]. However, the role of miR-21 in cardiac fibrosis after MI remains unclear. The purpose of the present study was to elucidate whether miR-21 also plays a role in cardiac fibrosis and 
to investigate the potential mechanism in which miR-21 regulated this pathological process.

Materials and Methods

Establishment of myocardial infarction in mice

All animal protocols were approved by the Animal Ethic Committee of Nanjing University of Traditional 

Chinese Medicine. Male C57BL/6 mice (12 weeks; 25-30 g) were subjected to myocardial infarction (n=9) or 

sham surgery (n=9) according to a previous report [28].In detail, after left thoracotomy and pericardiotomy, 

the left anterior descending coronary artery was permanently ligated with a 6–0 silk suture (MI group). 

Sham-operated animals underwent the same procedure but the coronary ligature was left untied (Sham 

group). Sections from different regions, including infarcted, remote and border zone, were prepared for 

further analysis.

Echocardiography

A VisualSonocs Vevo 2100 system (Visualsonics, Inc., Toronto, Canada) equipped with a 30-MHz RMV 

707B scanhead was used for transthoracic echocardiographic analyses. Ventricular parameters, including 

systolic left ventricular volume, diastolic left ventricular volume, LV end systolic diameter and LV end 

diastolic diameter were measured. Moreover, heart weight/tibia length (HW/TL) and lung weight/tibia 

length (LW/TL) were also measured.

Lentiviral expression constructs and transfer in vivo

Lentiviral vectors including LV-miR-21-RNAi and LV-GFP were generated by Gene Chem Biology 

Company (Shanghai, China) and were used for mice transfection. As mentioned above, Male C57BL/6 mice 

(12 weeks; 25-30 g) were subjected to myocardial infarction (n=18) or sham surgery (n=9). Fifteen minutes after surgery, lentiviral vectors containing 40 μL of 1×109 TU/mL lentiviral particles were injected into myocardium of mice for MI group (n=9 for each group). 2 weeks after MI, mice were sacrificed and tissues 
were collected.
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Histological AnalysisTissues used for histology were incubated in Krebs-Henselheit solution, fixed in 4% paraformaldehyde, sectioned, and processed for Masson’s Trichrome staining and immunohistochemical staining of α-SMA. Protocols for Masson’s Trichrome staining was according to a previous study [29]. For α-SMA staining, sections from the hearts of Sham or MI mice were immunolabeled with anti-α-SMA antibody (Abcam, Cambridge, MA, USA) to allow identification of the differentiation of myofibroblasts, as previously described 
[30].

Cell culturePrimary cardiac fibroblasts (CFs) were isolated from 1 to 3-day-old Sprague-Dawley rats purchased 
from the Experimental Animal Center of Nanjing University of Traditional Chinese Medicine as described previously [31]. CFs were cultured in DMEM containing 10 % fetal bovine serum (FBS), 100 U/ml penicillin, and 100 ug/ml streptomycin at standard culture conditions (37 °C, with 5 % CO2). Cells were passaged at 70–80 % confluence, and cells at passage 2-3 were used in experiments.

MiRNA mimic/inhibitor transfection

MiR-21 mimic, miR-21 inhibitor, and a negative control (NC) were synthesized by Shanghai GenePharma (Shanghai, China). For transfection, CFs were seeded in 12-well plates at a density of 5 × 104/ml and 

were transfected with 100nM of miR-21 mimic, miR-21 inhibitor or NC using Lipofectamine 3000 (Life technologies corporation, Gaithersburg, MD, USA) and then incubated for 6h. Following transfection, media were changed to 2% FBS-DMEM without antibiotics. Smad7 siRNA (Cat # 4392420) was obtained from Thermo Scientific (USA)) and it was used alone or in combination with miRNAs in the transient transfection.
TGF-β1 treatment
CFs transfected with miR-21 mimic, miR21 inhibitor or NC were washed with phosphate-buffered saline (PBS) and then subjected to TGF-β1 (Sigma, St. Louis, MO) with different concentrations (50 ng/ml, 

10ng/ml and 1 ng/ml) and times (24, 48h and 72h). The control groups were treated with PBS alone. After 

treatment, the cells were immediately washed three times with PBS for further analysis.

Cell Viability Assay

Cell viability was evaluated using a Cell Counting Kit-8 (CCK-8) Kit (Biosharp, Hefei, China) according 

to the manufacturer’s instructions. CFs were plated in a 96-well plate in 6 replicates (2x103/well, 100 ul). 

After plating for 24 hours, cells were subjected to various treatments. The CCK-8 solution (10 ul) was added 

to each well, and the cells were incubated for 2 hours at 37°C. After incubation, absorbance was measured 

at 450 nm with an automated microplate reader (Bio-Rad, Hercules, CA, USA).

Cell Migration AssayTrasnswell assay was used to detect cell migration. The transwell chamber (BD, CA) was put into a 24-well plate. The lower chamber was filled with 600ul DMEM with 10% FBS. 1*105 CFs in 100ul DMEM without FBS was seeded into the upper chamber. After incubation of 24 hours, fix cells with 4% paraformaldehyde 
and then use a cotton swab to remove cells on the upper side of chamber. Afterwards, cells on the lower side of chamber was stained with 0.1% crystal violet for 15 minutes and finally, cells crossed the chamber was 
counted under a microscope. Five random images ware selected for each chamber.

Immunofluorescence StainingCFs were fixed with absolute ethyl alcohol for 15 minutes and then cells were treated with 0.3% Triton X-100 for 30 min at room temperature. Afterwards, cells were blocked with 10% goat serum for 30 minutes 
at room temperature. After then, primary antibody diluted in FBS was added to cells for incubation at 4°C overnight. In the second day, cells were incubated with DyLight 488nm Goat Anti-Mouse IgG (H+L) for 60 minutes at room temperature, and cell nuclei were stained with DAPI. Finally, cells were viewed under a confocal microscope. First antibody mouse anti-F-actin was obtained from abcam (USA). DyLight 488nm Goat Anti-Mouse IgG (H+L) was obtained from Amylight Scientific (China).

http://dx.doi.org/10.1159%2F000479995


Cell Physiol Biochem 2017;42:2207-2219
DOI: 10.1159/000479995
Published online: August 16, 2017 2210

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2017 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Yuan et al.: MiR-21 Promotes Cardiac Fibrosis

Quantitative RT-PCR

To analyze mRNA and miRNA expression, total RNA samples from mice cardiac tissues or cultured 

CFs was extracted using TRIzol (Ambion, Austin, TX, USA) according to the manufacturer’s protocols. 

For mRNA detection, total RNA (2.0 ug) was reverse transcribed using a PrimeScriptTM RT reagent Kit (TaKaRa) for cDNA synthesis, detailed protocols were previously described [32]. β-actin served as an 
internal control. For miRNA detection, we used a TaqMan MicroRNA Assay Kit (Applied Biosystems, 

USA) and U6 was used as an internal control. Gene expression was determined utilizing TaqMan reagents (Life Technologies, Gaithersburg, MD, USA) with fluorescence signals being normalized to 18s rRNA 
utilizing the ddCT method [33]. Primers were synthesized by Invitrogen (Shanghai, China) and shown 

as follow: (Col-1: forward: 5’-TGGCAAGAACGGAGATGAC-3’; reverse: 5’-TCCAAACCACTGAAACCTCTG-3’); 

(Fibronectin: forward: 5’- GCACATGTCTCGGGAATGGA-3’; reverse: 5’-ACACGTGCAGGAGCAAATGG-3’); (TGF-β1: forward: 5’-ACATTG ACTTCCGCAAGGAC-3’; reverse: 5’-TAGTACACGATGGGCAGTGG-3’); 
(Smad7: forward: 5’-GTGGCATACTGGGAGGAGAA-3’; reverse: 5’-GATGGAGAAACCAGGGAACA-3’); (miR-

21: forward: 5’-GCACCGTCAAGGCTGAGAAC-3; reverse: 5’- CAGCCCATCGACTGGTG-3’) and (U6: forward: 

5’-CTCGCTTCGGCAGCACA-3’; reverse: 5’- AACGCTTCACGAATTTGCGT-3’).

Western blotDenatured cell lysates (40μg) were run on 10% gels and transferred to PVDF membranes. Then, membranes were blocked with 5% BSA in Tris-buffered saline containing 0.05% Tween (TBS-T) and incubated with primary antibodies in 0.5% TBS-T overnight. After washing, horseradish peroxidase (HRP)-
conjugated secondary antibodies were incubated with membranes for 1 h with TBST. Secondary antibodies were detected using ECL Plus (Amersham, Arlington Heights, IL, USA) and imaged with the GelDoc XRS (Bio-Rad, Hercules, CA, USA). The relative band densities were normalized to β-actin. Primary antibodies anti-Col-1 and anti-α-SMA were obtained from Abcam (USA). Primary antibodies anti-Smad 7, anti-p-Smad 2, anti-Smad 2, anti-p-Smad 3, anti-Smad 3 and anti-β-actin were obtained from CST technology (USA).

MicroRNA target prediction

The miRNA databases and target prediction tools miRBase (http:// microrna.sanger.ac.uk/), PicTar 

(http://pictar.mdc-berlin.de/), and TargetScan (http://www.targetscan.org/index.html) were used for identification of the potential targets of miR-21. We focused on targets predicted by at least two prediction databases and containing a miR-21-8mer seed match in the respective 3′UTR region.
Luciferase reporter assayThe Smad7 3′-UTR luciferase reporter vector was purchased from Genechem (Shanghai, China). 

Site-directed mutagenesis was performed using the QuickChange Lightning kit (Stratagene, La Jolla, 

CA, USA). To test suppression by miR-21, miR-21 of interest was co-transfected into HEK293T cells with the indicated wildtype or mutated 3′-UTR luciferase reporter and with Renilla luciferase (pRL-
TK Vector, Promega, Madison, WI, USA) as a transfection efficiency control. The luciferase signal was measured with Duo-Glo luciferase assay kit (Promega, Madison, WI, USA).

Statistical analysesData were expressed as the mean ± SD. Statistical analyses were performed using SPSS 19.0 (IBM, Armonk, NY, USA). Differences among groups were tested by one-way ANOVA. Statistical analyses between two groups were evaluated based on the Student’s two-tailed t-test. Differences between groups were evaluated using Fisher’s least-significant difference post-test procedure. Differences were considered statistically significant when the p value was under 0.05.
Results

MiR-21 expression is up-regulated after MI
After MI surgery, the physiological parameters of mice were assessed by echocardiography. Comparing to sham group, MI group showed increased LV volume, LVEDD, LVESD, HW/TL 

and LW/TL (Fig. 1A). Meantime, to investigate the effects of MI on miR-21 expression, we 
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first monitored cardiac fibrosis in the heart at different time points after MI. As we expected, Masson’s Trichrome staining and IHC of α-SMA demonstrated significant fibrosis in the 
infarcted zone after MI (Fig. 1B). Then we measured expression of the miR-21 at various 
time-points (3d, 7d and 14d) and different regions (I, BZ, R and SHAM) in mice models of MI. Results showed that miR-21 was significantly upregulated in the heart after MI, especially in 
the infarcted zone of the heart (Fig. 1 C). To further delineate the association of expression change of miR-21 with cardiac fibrosis, we additionally explored the expression of Col-1 and fibronectin, which are all key fibrotic markers [34, 35]. As expected, RT-PCR showed that expression level of both COL1 and fibronectin significantly increased at 3d and peaked at 
7d after MI and subsequently gradually decreased, which was consistent with expression change of miR-21 (Fig. 1 D and E). As previous evidence suggested, TGF-β1 plays a central role in the onset and progression of cardiac fibrosis after MI, we also measured mRNA levels of TGF-β1. Results revealed a significant increase of TGF-β1 mRNA at 7d in the infarcted zone 
(Fig. 1 F).

Fig. 1. MiR-21 expression is up-regulated in the hearts of MI mice: A: Increased LV volume, LV diameter, 

heart weight/tibia length and lung weight/tibia length of MI mice than sham mice at various time-points; B: Masson staining and IHC staining of α-SMA of the heart sections from Sham and MI mice 14 days after LAD 
ligation of the heart; C: miR-21 expression of heart tissues from different regions (Infarcted zone, Border zone, Remote zone and SHAM) at 3d, 7d and 14d; D-F: mRNA expression of Col-1, Fibronectin and TGF‑β1 at various time-points and different regions. *P<0.05, **P<0.01 (n = 9 for each group).

Fig. 2. TGF‑β1 up-regulated expression of miR‑21 in CFs: CFs were treated with TGF-β1 at indicated 
concentrations (1, 10, 50 ng/ml) for the indicated 

time. miR-21 cluster levels were determined by qRT-PCR (n = 3). *P<0.05, **P<0.01.

http://dx.doi.org/10.1159%2F000479995
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Effect of TGF-β1 on miR-21 expression in vitroTo verify the role of TGF-β1 on miR-21 expression, CFs were treated with different concentrations of TGF-β1 (50 ng/ml, 10ng/ml and 1 ng/ml) for 24h, 48h, 72h and 96h. None-treated cells were served as control. As shown in Fig. 2, TGF-β1 increased miR-21 in a dose-dependent manner. These results demonstrated the effects of TGF-β1 on miR-21 expression.
The influence of miR-21 on proliferation and migration of CFsTo figure out the mechanism in which miR-21 exerts its biological effects in the process of cardiac fibrosis, we first performed CCK8 assay to evaluate the effects of miR-21 on the 

proliferation of CFs. Results showed that cell vitality of CFs infected with miR-21 mimics or miR-21 inhibitors was not significantly different from that in cells infected with NC, indicating that inhibition or overexpression of miR-21 had no significant effect on proliferation of CFs 
(Fig. 3A). Meantime, we measured the effects of miR-21 on the migration of CFs. As showed 
in Fig. 3B, as compared to negative control group, miR-21 mimic promoted cell migration of 
CFs, while miR-21 inhibitor inhibited cell migration of CFs.

MiR-21 promoted activation of CFsTo further explore the role of miR-21 in the process of TGF-β1-induced fibrosis in 
CFs, cells were transfected with miR-21 mimics, miR-21 inhibitors or NC before treating with TGF-β1 (10 ng/ml) or PBS. We found that TGF-β1 treatment significantly increased expression of Col-1 and α-SMA both in mRNA and protein levels (Fig. 4A and B). Interestingly, overexpression of miR-21 with miR-21 precursor mimics markedly promoted TGF-β1-induced increase of Col-1 and α-SMA in both mRNA and protein levels. In addition, inhibition of miR-21 with miR-21 inhibitors partly reversed the effects of TGF-β1 on upregulation of 
the above markers (Fig. 4C). Meantime, we also detected the expression of F-actin, results 
showed that overexpression of miR-21 with miR-21 precursor mimics markedly promoted 
the expression of F-actin, while miR-21 inhibitors reversed the effects of upregulation of F-actin (Fig. 4D). These results revealed that miR-21 can promote activation of CFs.

Smad7 is a direct target of miR-21
To study the further molecular mechanism by which miR-21 regulates the process of fibrosis in CFs, we used databases of miRanda, TargetScan and PicTar to search for potential target genes that have an established function in regulating fibrosis. Among the candidate fibrosis-associated target genes, we found that Smad7 has a miR-21 binding site (8-nt) in 

Fig. 3. The influence of miR-21 
on proliferation and migration of 

CFs: A: Cell proliferation of CFs 

transfected with miR-21 mimics, 

miR-21 inhibitors or NC detected 

by CCK-8 assay; B: A transwell 

migration assay was used to 

detect the role of miR-21 in CF 

migration. Representative images 

of CFs transfected with miR-21 

mimics, miR-21 inhibitors or NC migrated towards 1% serum 
media. Quantitative analyses 

demonstrated the difference in CF migration. NS, none significant difference, **P<0.01 (n = 3).
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Fig. 5. Smad7 was a direct target of miR-21: A: Schematic diagram illustrating the design of luciferase 

reporters with the wild-type Smad7 3’UTR (WT Smad7 3’UTR) or the site-directed mutant Smad7 3’UTR 

(Mut Smad7 3’UTR); B: Luciferase reporter assays in HEK293T cells, with co-transfection of WT or Mut 

Smad7 3’-UTR and miR-21 as indicated; C: mRNA of Smad7 in CFs infected with miR-21 mimics, miR-21 inhibitors or NC were detected by RT-qPCR ; D: Western blot analysis for Smad7 protein; bar graphs represent quantifications of Western blot results relative to β-actin. NS, none significant difference, *P<0.05, **P<0.01 (n=3).

Fig. 4. Over expression of miR‑21 enhanced activation of CFs: A-B: mRNA expressions of Col-1 and α-SMA 
in CFs infected with miR-21 mimics, miR-21 inhibitors or NC were measured by qRT-PCR; C: protein expressions of Col-1 and α-SMA in CFs infected with miR-21 mimics, miR-21 inhibitors or NC were evaluated by Western blot; D: F-actin expression of CFs infected with miR-21 mimics, miR-21 inhibitors or NC was detected by immunofluorescence under ×400 magnification. *P<0.05, **P<0.01 (n=3).

its 3’UTR (Fig. 5A). To examine whether miR-21 could suppress expression of Smad7 via 
binding to its 3’-UTR, we co-transfected a luciferase reporter vector containing the Smad7 3’-

http://dx.doi.org/10.1159%2F000479995
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UTR along with a vector expressing miR-21 in HEK293T cells. Initial experiments revealed 
that Smad7 3’-UTR expression is repressed by miR-21. To assess whether this regulation 
is indeed due to miR-21 recognizing its predicted binding site in Smad7 rather than other nonspecific actions, we then mutated the seed region in Smad7 for miR-21 binding (Fig. 5B) 
and performed the luciferase assays as above. Results revealed that the wild-type (WT) Smad7 shows significant repression by miR-21, however, the mutant Smad7 does not (Fig. 5B). Then 
we performed qRT-PCR and Western Blot to explore the effects of miR-21 on mRNA and protein levels of Smad7. Gene expression analysis revealed no significant changes in Smad7 
mRNA levels after infecting with miR-21 mimics or inhibitors (Fig. 5C), while Western blot analysis revealed significant reduced Smad7 protein levels when miR-21 was overexpressed in CFs (Fig. 5D). All the results demonstrated that Smad7 is a direct target of miR-21.

MiR-21 promoted fibrotic process via suppression of Smad7 signaling pathwayTo figure out whether miR-21 promoted CFs fibrosis through suppressing Smad7 
signaling, we further explored phosphorylation levels of Smad2 and Smad3, which have 
been demonstrated to be negatively regulated by Smad7 and play a central role in activation of fibroblasts [36]. As shown in Fig. 6A, Smad7 was inhibited after treatment with TGF-β1 
(10 ng/ml)

, 
however, phosphorylation levels of Smad2 and Smad3 were elevated. In addition, overexpression of miR-21 using miR-21 mimics significantly promoted the effects of TGF-β1-

induced decrease of Smad7, thus further increased phosphorylation of Smad2 and Smad3. Inhibition of miR-21 exerted the inverse effects. To further confirm the effect of Smad7 in miR-21 mediated CFs fibrosis, a Smad7 siRNA was used for transfection with miR-21 inhibitor. As shown in Fig. 6B and 6C, miR-21 inhibitor decreased mRNA expression of TGF-β1 triggered Col-1 and α-SMA expression. Meantime, the protein level of Col-1 and α-SMA had the same trend of mRNA changes (Fig. 6D).
MiR-21 regulates myocardial fibrosis 2 weeks after MINext, we performed in-vivo experiment to confirm miR-21’s effect in MI. After MI 

surgery, we injected LV-GFP or LV-miR-21-RNAi intramyocardially of MI mice (n=9 per 

Fig. 6. MiR-21 inhibits TGF‑β/Smad2/3 signaling: A: Western blot analysis for Smad2, p-Smad2, Smad3, p-Smad3 and Smad7; B-D: knockdown of Smad7 can rescue the CF activation repressed by miR-21 inhibitor; B and C: mRNA expressions of Col-1 and α-SMA in CFs transfected with miR-21 inhibitors with or without Smad7 siRNA measured by qRT-PCR; C: protein expressions of Col-1 and α-SMA in CFs transfected with miR-21 inhibitors with or without Smad7 siRNA measured by Western blot. *P<0.05, **P<0.01 (n=3).
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Fig. 7. MiR-21 regulates myocardial fibrosis 2 weeks after MI: Mice receiving control lentiviral vector-GFP 
(LV-GFP) or lentiviral vector-miR-21-RNAi (LV- miR-21-RNAi) were killed 2 weeks after MI. A: Masson staining and IHC staining of α-SMA of the border zone of infracted heart from sham and MI mice; B and C: mRNA expression of Col-1 and Fibronectin in the border zone; D: protein expressions of Smad2, p-Smad2, Smad3, p-Smad3 and Smad7 measured by Western blot. *P<0.05, **P<0.01 (n=9). E: A model for the role of miR-21 in cardiac fibrosis: TGF-β triggers the up-regulation of miR-21 in cardiac fibroblasts and consequently inhibits expression of Smad7. Down-regulation of Smad7 increases phosphorylation levels of Smad2/3, consequently promotes fibroblasts activation and cardiac fibrosis.group). 2 weeks after MI surgery, mice were sacrificed. Masson staining showed LV-miR-21-RNAi could reverse the fibrosis of MI. Meantime, α-SMA expression was decreased in LV-miR-21-RNAi group than LV-GFP group (Fig. 7A). mRNA expression of Col-1 and α-SMA 
were decreased in LV-miR-21-RNAi group than LV-GFP group (Fig. 7B and C). In addition, 
in LV-GFP group, Smad7 was inhibited, and phosphorylation levels of Smad2 and Smad3 
were elevated than sham group, while LV- miR-21-RNAi could reverse the protein expression (Fig. 7D). All these results suggested the effects of miR-21 on promoting cardiac fibrosis was achieved through inhibiting Smad7 and thereby activating TGF-β/Smad2/3 signaling 
pathway (Fig. 7E).

DiscussionCardiac fibrosis, which was an important part of cardiac remodeling, resulted in 
stiffening of the ventricular walls and diminished contractility and abnormalities in cardiac 
conductance, was a common consequence of numerous forms of heart diseases, including 
pathological hypertrophy, volume overload, and MI [37, 38].

In the past decade, numerous evidence has demonstrated the role of microRNAs in various pathophysiological processes, including cardiac fibrosis [17-20]. Among these fibrosis-related microRNAs, miR-21 was previously reported to play an important role in regulation of fibrosis in multiple tissues, such as kidney, liver and lung etc [25-27]. In the present study, we established mice models of cardiac fibrosis after MI and examined miR-21 
expression at different time points and different cardiac zones.

First, we found that miR-21 was up-regulated after MI, and change in miR-21 expression 
was the most remarkable in the infarcted zone, In addition, change of miR-21 level was 
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consistent with levels of Col-1 and fibronectin, which were key markers in the development of fibrosis (Fig. 1). These results indicated that miR-21 level was associated with the extent of fibrosis. TGF-β1 was known to play a central role in the onset and progression of fibrosis [39, 40]. The fibrotic effects of TGF-β1 were primarily mediated by the well characterized 
Smad2/3-dependent pathway [41, 42]. Given this, we examined the correlation of miR-21 change with TGF-β1. As expected, change trend of TGF-β1 mRNA was similar to miR-21 (Fig. 
2).

Second, CCK-8 assay showed that miR-21 had no effect of proliferation of CFs, but it could promote the serum-mediated migration of CFs (Fig. 3). Then, we employed TGF-β1 to induce fibrosis in vitro and explored the effects of TGF-β1 on miR-21 expression in CFs. Results revealed significant up-regulation of miR-21 after treatment with TGF-β1 at a dose- 
dependent manner. Then we examined whether overexpression or inhibition of miR-21 had effects on fibrosis in presence of TGF-β1. Results showed that overexpression of miR-21 using miR-21 mimics in CFs enhanced the effects of TGF-β1 on up-regulating expression of α-SMA, Col-1, fibronectin and F-actin (the fibrotic signals), while inhibition of miR-21 partially reversed the effects of TGF-β1 (Fig. 4). These results suggested that the effects of miR-21 in promoting the process of cardiac fibrosis was not dependent on TGF-β1.

Lastly, we employed several databases for miR-21 target prediction. Among the 
candidates, Smad7 was previously reported to be a target of miR-21 in regulation of renal fibrosis [43]. Previous evidence showed that Smad7 is an attenuator in TGF-β/Smad 
signaling, which has been demonstrated to one of the classical pathways involved in the process of fibroblasts activation and thus plays a key role in the onset and development of fibrosis [44-46]. TGF-β binds to and activates its specific receptors (TGF-βRI, TGF-βRII) 
and consequently stimulates the phosphorylation of Smad2 and Smad3. Phosphorylated 
Smad2 and Smad3 form complexes with Smad4 [47, 48]. Then the complex translocate from 
cytoplasm into nucleus to regulate the transcription of the target genes, including Smad7, which negatively regulates Smad2 and Smad3 activation and inhibits fibrosis [49, 50]. Given 
all above, we chose Smad7 as the candidate target for further validation.

To verify this hypothesis, we employed Luciferase reporter assay and results showed 
that Smad7 3’-UTR expression was inhibited by miR-21, indicating Smad7 was a direct 
target of miR-21 (Fig. 5). Next we measured protein levels of Smad7, Smad2 and Smad3 
in the infarcted zone of mice MI models in vivo and in CFs treated with miR-21 mimics or 
inhibitors in vitro. We have noticed that protein level of Smad7 decreased after MI, while 
Smad2 and Smad3 increased. The change trend of Smad7 was negatively correlated with 
miR-21. Furthermore, in vitro, overexpression of miR-21 in CFs with or without pretreatment of TGF-β1 attenuated expression of Smad7, however increased Smad2 and Smad3 (Fig. 6). Meanwhile, we performed in-vivo experiment to confirm miR-21 effect in MI. Results showed that inhibiting miR-21 could reverse the fibrosis of MI via Smad7 signaling pathway (Fig. 
7). Results both in vivo and in vitro indicated that miR-21 exhibited its effects via targeting 
Smad7.Here we proposed a model to explain the role of miR-21 in the process of fibrosis, which was outlined in Fig. 7E. In general, TGF-β1 up-regulated miR-21 expression, thus attenuated protein expression of its target Smad7. Down-regulation of Smad7 enhanced phosphorylation of Smad2 and Smad3 and subsequently promoted CFs activation and cardiac fibrosis. This is the first evidence to suggest a novel role for miR-21 in regulating cardiac fibrosis after MI.

Limitations still existed in our study. Although our results suggested a key role for miR-21 in the regulation of cardiac fibrosis, it is important to note that there was not a direct one-
to-one stoichiometric relationship between the levels of miR-21 and Smad7. Additionally, 
as we all know, microRNA has a number of target genes, our study does not exclude that miR-21 contribute to development of cardiac fibrosis also via targeting other genes. We only verified that Smad7 plays a role in this process. Furthermore investigations are needed to 
elucidate the underlying mechanism of miR-21 in affecting the onset and development of cardiac fibrosis after MI.
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Conclusion

In summary, the present study analyzed expression and correlation of miR-21 with cardiac fibrosis in mice models of MI in vivo and delineated the role of miR-21 in CFs in vitro. Both in-vivo and in-vitro results demonstrated that miR-21 promoted cardiac fibrosis via targeting Smad7. Our findings may provide new insights into the mechanisms underlying cardiac fibrosis and provide novel potential therapeutic targets for cardiac fibrosis after MI.
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