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Abstract. Cardiac fibrosis is a primary event during myocardial 
infarction (MI) progression, which impairs cardiac function. 
The present study aimed to investigate the effect of SGLT2 on 
cardiac fibrosis following MI. To validate the role of SGLT2 in 
the regulation of cardiac fibrosis in vivo, an MI rat model was 
established. Echocardiography was performed to determine 
cardiac function at 4 weeks post‑MI. MI model rats were 
transfected with short hairpin RNA (sh)‑SGLT2 or sh‑negative 
control lentiviruses to investigate the effect of SGLT2 on rat 
heart function post‑MI. Subsequently, the effects of SGLT2 
on the cardiac fibrosis of infarcted hearts were assessed by 
performing Masson's trichrome staining. To further clarify 
the effect of SGLT2 on cardiac fibroblast proliferation, TGFβ 
was used to stimulate primary cardiac fibroblasts in vitro. The 
results demonstrated that SGLT2 served a key role in cardiac 
fibrosis. SGLT2 expression levels in infarct tissues were 
significantly increased at week 1 post‑MI compared with the 
sham group. Compared with the control group, SGLT2 knock‑
down attenuated cardiac fibrosis by inhibiting the expression 
of collagen I and collagen III in cardiac fibroblasts in vitro and 
in vivo. Furthermore, the results indicated that SGLT2 expres‑
sion was modulated by miR‑141 in cardiac fibroblasts. In 
summary, the present study indicated that upregulated SGLT2 
expression in cardiac fibrosis following MI was regulated by 
miR‑141 and SGLT2 that knockdown reduced cardiac fibrosis 
and improved cardiac function after MI.

Introduction

Globally, myocardial infarction (MI) is a leading cause of 
morbidity and mortality, and causes progressive deterioration 
that ultimately results in heart failure (1). Cardiac fibrosis is 
a primary event in MI progression, and is characterized by 

the transformation of fibroblasts into myofibroblasts and the 
production of excessive extracellular matrix proteins, including 
collagen I and III, within the myocardium (2). During the 
chronic stages of MI, abnormal cardiac fibrosis inevitably 
causes the excessive production of extracellular matrix 
proteins and decline in cardiac function (2,3). Therefore, novel 
strategies are required to inhibit cardiac fibrosis to improve 
heart function in patients with MI.

Sodium‑glucose linked transporter (SGLT) 1 and SGLT2 
are primary SGLTs that contribute to the reabsorption of 
kidney‑filtered glucose (4,5). A previous study demonstrated 
that SGLT1 was involved in cardioprotection against isch‑
emia‑reperfusion injury (6). By contrast, SGLT2 inhibitors 
have been reported to decrease blood glucose independently 
and reduce the risk of severe heart failure (7). Furtado et al (8) 
demonstrated that dapagliflozin, an SGLT2 inhibitor, mark‑
edly reduced the risk of both major adverse cardiovascular 
events and cardiovascular death/hospitalization for heart 
failure in patients with type 2 diabetes mellitus and previous 
MI. Moreover, to the best of our knowledge, dapagliflozin is 
the only SGLT‑2 inhibitor that reduces cardiac necrosis and 
the worsening of heart failure (8,9). Empagliflozin, an SGLT‑2 
inhibitor, has been studied in a clinical trial and the results 
demonstrated reduced cardiovascular mortality of patients 
with type 2 diabetes mellitus (10). Furthermore, SGLT2 inhibi‑
tion with empagliflozin effectively improved cardiac diastolic 
function in a female rodent model of diabetes (11). Ye et al (12) 
demonstrated that the inhibition of SGLT‑2 reduced NLR 
family pyrin domain containing 3 (Nlrp3)/apoptosis‑associ‑
ated speck‑like protein (ASC) inflammasome activation and 
attenuated the development of diabetic cardiomyopathy in 
mice. Additionally, dapagliflozin, a selective SGLT2 inhibitor, 
served a protective role in cardiac fibrosis in infarcted rat 
hearts (11). The aforementioned previous studies demonstrated 
that SGLT2 served a potential role in the pathogenesis of heart 
disease. However, the biological function of SGLT2 in cardiac 
fibrosis is not completely understood.

MicroRNAs (miRNAs/miRs) have been reported to be 
involved in the regulation of cardiac fibrosis. miR‑21, miR‑34, 
miR‑199b and miR‑208 have been identified to contribute 
to myocardial fibrosis and are upregulated in MI  (13). By 
contrast, miR‑1, miR‑29, miR‑133a and miR‑214 are antifi‑
brotic miRNAs  (13). However, the mechanism underlying 
miRNA‑mediated regulation of cardiac fibrosis in MI is not 
completely understood.
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The present study aimed to investigate the role of SGLT2 in 
cardiac fibrosis following MI. Moreover, whether upregulated 
SGLT2 levels in cardiac fibrosis following MI are regulated in 
a miRNA dependent manner was also investigated.

Materials and methods

Animals, MI model and assessment of heart function. A total 
of 65, six to eight‑week male Sprague‑Dawley rats (weight, 
200‑300 g) were purchased from the Academy of Military 
Medical Sciences. The rats were kept in a temperature‑controlled 
room, with a humidity of 40‑70%, in a 12 h light‑dark cycle with 
free access to standard chow and tap water. All animals were 
reared in a specific pathogen‑free environment at a comfort‑
able temperature and humidity. All experimental procedures 
were approved by the Animal Ethics Committee of the Second 
Affiliated Hospital of Wannan Medical College, Wuhu, China 
(approval no. DWL‑1804‑007).

MI was modeled in rats via the permanent ligation of the 
left anterior descending branch of the coronary artery with 
prolene sutures, as previously described (14). Briefly, rats were 
anesthetized intraperitoneally with 40 mg/kg sodium pento‑
barbital. The thoracic cavities were opened and the left anterior 
descending (LAD) coronary arteries were permanently ligated 
with a 7‑0 polypropylene suture. In the sham operation group, 
animals underwent the same procedure, except the LAD was 
left untied. Following euthanasia by anesthetic overload with 
intraperitoneal 90 mg/kg ketamine and 10 mg/kg xylazine, 
the infarct zones and far zones of the hearts were quickly 
excised for the detection of RNA, protein and fibrosis levels. 
The SGLT2 and miR‑141 expression was measured at infarct 
zones at 1, 2, 3 and 4 weeks post‑MI. To evaluate the effect of 
SGLT2 on MI in vivo, lentiviruses containing sh‑SGLT2 or 
sh‑NC were obtained from Shanghai GenePharma Co., Ltd. 
Animals were divided into the following four groups: i) sham 
(n=5); ii) MI (n=5); iii) MI + short hairpin RNA (sh)‑negative 
control (NC, n=5); and iv) MI + sh‑SGLT2 (n=5). Following 
LAD ligation, 108 PFU of sh‑SGLT2, sh‑NC or PBS (100 µl) 
was intramyocardially injected into the corresponding groups.

Echocardiography was performed to determine cardiac 
function at  4  weeks post‑MI using a Vevo 2100 system 
(VisualSonics, Inc.) with an 80 MHz probe. Left ventricular 
parameters were recorded from two‑dimensional images using 
the M‑mode interrogation in the short‑axis view.

Masson trichrome staining. At 4 weeks post‑MI, heart sections 
from MI model rats were excised from an area perpendicular 
to the axis of the LAD coronary arteries. Briefly, the tissues 
were fixed in 4% of paraformaldehyde for 24  h at room 
temperature, embedded in paraffin and 5 µm sections were 
taken. Sections were then stained using a Masson's Trichrome 
stain kit (cat. no. 1004850001; Sigma‑Aldrich; Merck KGaA,) 
according to the manufacturer's protocol. All of the images 
(magnification, x12.5) were captured on a confocal micro‑
scope (Nikon Corporation). Average ratios of the fibrotic areas 
to the entire left ventricular cross‑sectional area were analyzed 
using ImageJ 1.48u software (National Institutes of Health).

Primary cardiac fibroblasts isolation and culture. Cardiac 
fibroblasts were isolated as previously described (15). Briefly, 

primary cardiac fibroblasts were isolated from 1‑3 day‑old 
female Sprague‑Dawley rats (n=3). The female neonatal 
rats used in this experiment were bred by ourselves, which 
were co‑housed with the maternal rat since birth. Their 
parents housing conditions are aforementioned. Cardiac 
fibroblasts were cultured in DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml strepto‑
mycin (Sigma‑Aldrich, Merck KGaA) at 37˚C with 5% CO2. 
Myocardial fibrosis phenotypes were induced using 20 ng/ml 
recombinant TGF‑β (PeproTech, Inc.) at 37˚C for 72 h, as 
previously described (16).

Cell infection and transfection. Lentiviruses containing 
sh‑SGLT2 or sh‑NC were obtained from Shanghai GenePharma 
Co., Ltd. For lentiviral infection, primary cardiac fibroblasts 
were incubated with sh‑SGLT2 or sh‑NC at an optimal multi‑
plicity of infection of 15 at 37˚C for 12 h. Subsequently, the 
medium was removed and cells were incubated in complete 
medium (DMEM containing 10% FBS, 100 U/ml penicillin 
and 100  µg/ml streptomycin) at  37˚C for 72  h. Infection 
efficiency was assessed via reverse transcription‑quantitative 
PCR and western blotting. miR‑141 mimics (miR‑141 mimics: 
5'‑UAA​CAC​UGU​CUG​GUA​AAG​AUG​G‑3') and scrambled 
non‑coding RNAs (miR‑141 NC: 5'‑ACG​UGA​CAC​GUU​CGG​
AGA​ATT‑3') were purchased from Ambion (Thermo Fisher 
Scientific, Inc.). pcDNA3.1 vectors containing full‑length 
SGLT2 cDNA sequences (pcDNA3.1‑SGLT2) were purchased 
from Shanghai GenePharma Co., Ltd. Primary cardiac fibro‑
blasts (3x105) were transfected with 20 pmol miR‑141 mimics, 
20 pmol miR‑141 NC, 1 µg pcDNA3.1‑SGLT2 or 1 µg empty 
control vector using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) in serum‑free medium. Control experi‑
ments were performed with mock‑transfected cells using the 
same procedure. After 8 h of transfection at 37˚C, all of the 
transfected and mock‑transfected primary cardiac fibroblasts 
were transferred to DMEM with 10% FBS for an additional 
24 h and incubated at 37˚C. Following this incubation, the 
subsequent experiments were conducted.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cardiac tissues and primary cardiac 
fibroblasts using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). Total RNA was reverse transcribed into cDNA 
using a PrimeScript RT kit (Takara Bio, Inc.). The tempera‑
ture protocol used for RT was 37˚C for 15 min and 85˚C for 
15 sec. The samples were then kept at 4˚C for immediate use or 
‑20˚C for long term storage. Subsequently, qPCR was carried 
out using the Power SYBR GREEN PCR master mix (Takara 
Bio, Inc.) with ABI7300 detector (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The reaction parameters of standard 
procedure for two‑step amplification were as follows: 95˚C for 
10 min, and 40 cycles at 95˚C for 15 sec and 60˚C for 30 sec. 
The following primer sequences were used: SGLT2 forward, 
5'‑GCA​GAA​GGT​CCT​GAT​TGA​TA‑3' and reverse, 5'‑GCG​
ATG​ACA​GAA​GCG​TAA​A‑3'; collagen I forward, 5'‑CGA​GTA​
TGG​AAG​CGA​AGG​T‑3' and reverse, 5'‑CCA​CAA​GCG​TGC​
TGT​AGG​T‑3'; collagen III forward, 5'‑CCA​CCC​TGA​ACT​
CAA​GAG​C‑3' and reverse, 5'‑TGA​ACT​GAA​AGC​CAC​CAT​
T‑3'; and β‑actin forward, 5'‑GTA​AAG​ACC​TCT​ATG​CCA​
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ACA‑3' and reverse, 5'‑GGA​CTC​ATC​GTA​CTC​CTG​CT‑3'; 
U6 forward, 5'‑CTC​GCT​TCG​GCA​GCA​CA‑3'; and reverse, 
5'‑AAC​GCT​TCA​CGA​ATT​TGC​GT‑3'. Primers were provided 
by Ambion (Thermo Fisher Scientific, Inc.). miR‑141 levels 
were normalized to U6. mRNA and miRNA expression levels 
were quantified using the 2‑ΔΔCq method (17) and normalized to 
the internal reference genes β‑actin and U6, respectively.

Bioinformatics. miRNA binding sites were predicted using 
TargetScan (v7.0; targetscan.org) (18‑20).

Western blotting. Total protein was extracted from primary 
cardiac fibroblasts and cardiac tissues using Laemmli 
sample buffer (Bio‑Rad Laboratories, Inc.). Protein concen‑
trations were determined using a BCA protein assay kit 
(Thermo Fisher Scientific, Inc.). Proteins (30  µg) were 
separated using a 10% SDS‑PAGE gel and transferred 
to PVDF membranes (Roche Diagnostics), which were 
blocked with 5% non‑fat milk at 25˚C for 1 h. Subsequently, 
the membranes were incubated overnight at  4˚C with the 
following primary antibodies: Anti‑SGLT2 (cat. no. ab37296; 
1:1,000, Abcam), anti‑collagen I (cat. no. ab34710; 1:1,000, 
Abcam), anti‑collagen III (cat. no. ab7778; 1:1,000, Abcam) and 
anti‑β‑actin (cat. no. ab8227; 1:1,000, Abcam). The secondary 
antibody (HRP‑conjugated; cat. no. ab7090; Abcam) was diluted 
to a ratio of 1:5,000 and incubated for 1 h at 25˚C. Protein bands 
were visualized using enhanced chemiluminescence (Thermo 
Fisher Scientific, Inc.). β‑actin was used as the loading control.

Cell viability assay. An MTT assay was performed to assess 
cell viability, as previously described (21). Briefly, primary 
cardiac fibroblasts (5x103) were seeded into 96‑well plates 
and treated with designated treatments. After 48 h, 15 µl 
MTT solution (Sigma‑Aldrich; Merck KGaA) was added to 
each well and incubated at 37˚C for 4 h. Subsequently, 200 µl 

DMSO was added into each well to dissolve the formazan. 
Absorbance was measured at a wavelength of 490 nm using a 
microplate reader (Tecan Austria GmbH).

Luciferase reporter assay. SGLT2 3'‑untranslated region (UTR) 
sequences were inserted into pmiR‑RB‑REPORT vectors 
(Guangzhou Ribobio Co., Ltd.). SGLT2 3'‑UTR‑mutants were 
generated in which 6 complementary binding site nucleotides 
were altered. 293T cells (4x105 cells) were co‑transfected with 
SGLT23'‑UTR‑wild‑type (1 µg) or SGLT2 3'‑UTR‑mutant 
(1 µg) and miR‑141 mimics (40 pmol) or miR‑141 NC (40 pmol) 
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). After 48 h, transfected cells were collected and 
luciferase activity was detected using a Luciferase Reporter kit 
(Promega Corporation). Firefly luciferase activity was normal‑
ized to Renilla luciferase activity.

Statistical analysis. Statistical analysis was carried out using 
GraphPad Prism software (version 5.01; GraphPad Software, 
Inc.). Data are presented as the mean ± SD. All experiments 
were performed at least in triplicate. Comparisons among 
groups were analyzed using a one‑way ANOVA and Tukey's 
post hoc tests with GraphPad Prism software version  7.0 
(GraphPad Software, Inc.). Comparisons between two groups 
were analyzed using an unpaired Student's t‑test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

SGLT2 expression is increased in the infarct myocardium 
post‑MI in rats. To investigate the role of SGLT2 in the regula‑
tion of cardiac fibrosis in vivo, MI rat models were established. 
mRNA and protein expression levels of SGLT2 in cardiac 
tissues at infarct zones at 1, 2, 3 and 4 weeks post‑MI were 
analyzed via RT‑qPCR and western blotting (Fig. 1A and B). 

Figure 1. SGLT2 expression was analyzed in the infarcted myocardial tissues of MI model rats. SGLT2 (A) mRNA and (B) protein expression levels in 
infarcted areas of MI model rats at indicated times (n=5). SGLT2 mRNA expression levels in the (C) border and (D) far zones (n=5). **P<0.01, ***P<0.001 vs. 
sham. SGLT2, sodium‑glucose linked transporter 2; MI, myocardial infarction; W, week; NS, not significant.
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Figure 2. SGLT2 knockdown improves rat heart function following MI in vivo. SGLT2 (A) mRNA and (B) protein expression levels in infarcted areas treated 
with sh‑SGLT2 or sh‑NC (n=5). (C) Echocardiography results of rats in the different groups (n=5). At 4 weeks post‑MI, ventricular parameters were measured 
and analyzed by echocardiography, including (D) LVEF, (E) LVEDV, (F) LVESV, (G) (‑) LVdp/dtmax, (H) (+) LVdp/dtmax, (I) HR and (J) E/A ratio (n=5). 
*P<0.05, **P<0.01, ***P<0.001. SGLT2, sodium‑glucose linked transporter 2; MI, myocardial infarction; sh, short hairpin RNA; NC, negative control; LVEF, left 
ventricular ejection fractions; LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; (‑)/(+) LVdp/dtmax, the maximum left 
ventricular change in pressure/time; HR, heart rate; E/A ratio, ratio of the peak early transmitral flow velocity to peak late transmitral flow velocity.

Figure 3. SGLT2 knockdown inhibits cardiac fibrosis following MI in vivo. (A) Representative photomicrographs of Masson trichrome staining of hearts of MI 
model rats treated with PBS, sh‑NC or sh‑SGLT2 (n=5, original magnification x12.5). (B) Fibrotic area was determined as the ratio of the average circumfer‑
ence of fibrotic scars (blue)/average inner circumference of the left ventricle (n=5). Collagen I and collagen III (C) mRNA and (D) protein expression levels 
in cardiac tissues (n=5). *P<0.05, **P<0.01, ***P<0.001. SGLT2, sodium‑glucose linked transporter 2; MI, myocardial infarction; sh, short hairpin RNA; NC, 
negative control.
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SGLT2 expression levels in MI model rats were significantly 
increased at week 1 post‑MI compared with sham rats, with 
levels gradually decreasing with time. Furthermore, SGLT2 
mRNA expression levels in the border and far zones, the zone 
of heart ventricular near the atril area, were analyzed. SGLT2 
expression levels in the border zone (Fig. 1C) were similar to 
the expression levels in the infarct zone. In contrast, SGLT2 
expression levels were not changed in the far zones of infarcts 
at 1, 2, 3 and 4 weeks post‑MI (Fig. 1D). The results indicated 
that SGLT2 served an important role in MI.

SGLT2 knockdown improves cardiac function following MI. 
MI model rats were treated with sh‑SGLT2 or sh‑NC lenti‑
viruses to demonstrate the effect of SGLT2 on rat cardiac 
function following MI. sh‑SGLT2 significantly reduced 
SGLT2 expression levels in MI tissues compared with 
the sh‑NC group (Fig.  2A and B). Echocardiography was 
performed to evaluate left ventricular function in the different 
groups (Fig. 2C). Left ventricular mass indices, including left 

ventricular ejection fractions (Fig. 2D), left ventricular end 
diastolic volume (Fig. 2E), left ventricular end systolic volume 
(Fig. 2F), maximum left ventricular change in pressure over 
time [(‑)/(+) left ventricular diastolic pressure/dt maximum; 
Fig. 2G and H], heart rate (Fig. 2I) and E/A (ratio of the peak 
early transmitral flow velocity to peak late transmitral flow 
velocity; Fig. 2J) were analyzed to determine cardiac function. 
The results indicated that sh‑SGLT2 enhanced heart function 
following MI.

SGLT2 knockdown attenuates cardiac fibrosis following MI. 
Masson's trichrome staining was performed to assess the effects 
of SGLT2 on cardiac fibrosis of infarcted hearts. Treatment 
with sh‑SGLT2 decreased the fibrotic region (the blue region) 
and significantly decreased the infarct size compared with the 
MI or sh‑NC‑treated control groups (Fig. 3A and B). Compared 
with the sham group, MI significantly increased the expres‑
sion of collagen I and collagen III (Fig. 3C and D), which was 
reversed by sh‑SGLT2.

Figure 4. SGLT2 knockdown inhibits TGFβ‑induced proliferation and collagen synthesis in cardiac fibroblasts. Primary cardiac fibroblasts were transfected 
with sh‑NC or sh‑SGLT2 and then treated with 20 ng/ml recombinant TGFβ for 72 h. (A) SGLT2 expression levels. (B) The MTT assay was performed to 
examine cell proliferation. (C) Protein and (D) mRNA expression levels and of collagen I and collagen III in primary cardiac fibroblasts. *P<0.05, **P<0.01, 
***P<0.001. SGLT2, sodium‑glucose linked transporter 2; TGFβ, transforming growth factor β; sh, short hairpin RNA; NC, negative control.
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Figure 5. SGLT2 is targeted by miR‑141. (A) The binding site between the 3'‑UTR of SGLT2 mRNA and miR‑141. SGLT2 3'‑UTR‑mutants were generated 
in which 6 complementary binding site nucleotides were altered. (B) miR‑141 expression levels in the infarcted areas of MI model rats at indicated times. 
(C) Relative luciferase activities were determined by conducting a luciferase reporter assay. (D) Transfection efficiency of miR‑141 mimics. SGLT2 (E) protein 
and (F) mRNA expression levels in primary cardiac fibroblasts transfected with miR‑141 mimics. *P<0.05, **P<0.01, ***P<0.001. SGLT2, sodium‑glucose 
linked transporter 2; miR, microRNA; UTR, untranslated region; miR, microRNA; W, week; WT, wild‑type; MUT, mutant; NC, negative control.

Figure 6. TGFβ‑induced proliferation and collagen synthesis in cardiac fibrosis is regulated by the miR‑141/SGLT2 axis. Primary cardiac fibroblasts were 
transfected with miR‑141 NC, miR‑141 mimics or miR‑141 mimics + pcDNA3.1‑SGLT2 and treated with 20 ng/ml recombinant TGFβ for 72 h. (A) Transfection 
efficiency of pcDNA3.1‑SGLT2. (B) The MTT assay was performed to assess cell proliferation. Collagen I and collagen III (C) mRNA and protein expression 
levels in primary cardiac fibroblasts. *P<0.05. TGFβ, transforming growth factor β; miR, microRNA; SGLT2, sodium‑glucose linked transporter 2; NC, 
negative control; NS, not significant.
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SGLT2 knockdown inhibits TGFβ‑induced proliferation and 
collagen synthesis in cardiac fibroblasts. SGLT2 expres‑
sion levels were significantly increased by TGFβ treatment 
compared with the control group (Fig.  4A). To further 
clarify the effect of SGLT2 on cardiac fibroblasts prolifera‑
tion, primary cardiac fibroblasts were stimulated with TGFβ 
in vitro. The MTT assay indicated that TGFβ significantly 
increased proliferation by >1.3 fold compared with the control 
group (Fig. 4B). TGFβ‑induced proliferation was significantly 
decreased by sh‑SGLT2, but not by sh‑NC. The protein and 
mRNA expression levels of collagen I and collagen III in 
cardiac fibroblasts were assessed via western blotting and 
RT‑qPCR, respectively. The protein (Fig. 4C) and mRNA 
(Fig. 4D) expression levels of collagen I and collagen III were 
significantly upregulated in the TGFβ group compared with 
the control group. Furthermore, TGFβ‑induced collagen I 
and collagen III expression was significantly reversed by 
sh‑SGLT2.

SGLT2 is targeted by miR‑141. To identify why SGLT2 
exhibited aberrant expression in the cardiac tissue infarct 
zones following MI, the present study hypothesized that 
dysregulated miRNAs may regulate SGLT2 expression during 
MI. A previous study reported that miR‑141 was decreased 
in diabetic mice myocardium and cardiac fibroblasts treated 
with angiotensin II  (22). TargetScan (v7.0; targetscan.org) 
was used to predict miR‑141 binding sites in the 3'‑UTR of 
SGLT2 (Fig. 5A). miR‑141 expression levels in MI model rats 
were significantly decreased at 1 week post‑MI compared 
with sham rats, but gradually increased with time (Fig. 5B). 
The results of the luciferase assay demonstrated that miR‑141 
overexpression significantly decreased the luciferase activity 
of the wild‑type 3'‑UTR compared with miR‑141 NC. By 
contrast, miR‑141 overexpression did not significantly alter the 
luciferase activity of mutant 3'UTR compared with miR‑141 
NC (Fig. 5C). Treatment with miR‑141 mimics significantly 
increased miR‑141 expression levels compared with miR‑141 
NC (Fig. 5D). Moreover, miR‑141 overexpression significantly 
inhibited the mRNA (Fig. 5E) and protein (Fig. 5F) expression 
levels of SGLT2 compared with miR‑141 NC.

TGFβ‑induced proliferation and collagen synthesis in 
cardiac fibroblasts is regulated by the miR‑141/SGLT2 axis. 
The effects of the miR‑141/SGLT2 axis on TGFβ‑induced 
proliferation and collagen synthesis in cardiac fibroblasts were 
examined. The transfection efficiency of pcDNA3.1‑SGLT2 
is presented in Fig. 6A. miR‑141 overexpression significantly 
inhibited TGFβ‑induced cardiac fibroblast proliferation, 
which was reversed by SGLT2 overexpression (Fig.  6B). 
Additionally, miR‑141 overexpression significantly decreased 
TGFβ‑induced collagen I and collagen III expression levels, 
whereas SGLT2 overexpression significantly reversed miR‑141 
overexpression‑mediated effects (Fig. 6C).

Discussion

As a hallmark of MI, cardiac fibrosis is one of the most 
important factors that leads to heart failure (23,24). Fibrosis is 
characterized by the accumulation of excess collagen, which 
causes cardiomyocyte dysfunction, abnormal differentiation 

of cardiac fibroblasts and interstitial fibrosis (25). Current 
antifibrotic drugs slow the progression of cardiac fibroblasts, 
but do not prevent or reverse progression (26). Therefore, it is 
crucial to identify specific targets for alternative therapeutic 
strategies.

SGLT2 inhibitors have been widely studied to improve 
cardiac diseases (10‑12). Empagliflozin, an SGLT2 inhibitor, 
reduced cardiovascular mortality, as well as the occurrence of 
nonfatal MI and nonfatal strokes in patients with type 2 diabetes 
mellitus  (10). Furthermore, empagliflozin or dapagliflozin, 
another SGLT‑2 inhibitor, effectively improved cardiac diastolic 
function in a female rat model of diabetes (11). Additionally, 
SGLT‑2 inhibition reduced the activation of the Nlrp3/ASC 
inflammasome and attenuated the development of diabetic 
cardiomyopathy in mice (12). The present study aimed to deter‑
mine whether SGLT2 alleviated effects on the progression of 
cardiac fibrosis. The results demonstrated that SGLT2 levels in 
MI model rats were significantly increased at 1 week post‑MI 
compared with sham rats, and continued to gradually decrease 
with time. Furthermore, SGLT2 knockdown improved cardiac 
function and attenuated cardiac fibrosis following MI in vivo 
compared with MI or sh‑NC groups. SGLT2 knockdown also 
inhibited TGFβ‑induced proliferation and collagen synthesis 
in cardiac fibroblasts in vitro. Okada et al (27) demonstrated 
that dapagliflozin, an SGLT2 inhibitor, influenced interac‑
tions between SGLT2 and collagen I and IV, and established 
that discoidin domain receptor I served an important role in 
the adherence of collagen I and IV. Moreover, the expression 
levels of NLRP3, TNFα and caspase‑1 were reduced in mice 
treated with dapagliflozin and the phosphorylated‑adenosine 
monophosphate activated protein kinase (AMPK)/total‑AMPK 
ratio was enhanced (12). The results of the aforementioned 
studies were similar to the results of the present study, which 
indicated that SGLT2 was associated with collagen deposition, 
collectively suggesting that SGLT2 served a key role in the 
pathogenesis of cardiac fibrosis.

miRNAs are 22‑23 nucleotides noncoding RNA mole‑
cules that serve important roles in cardiovascular health 
and disease  (28). For example, miR‑98 downregulated 
TGFβ receptor 1 expression, ameliorated TGF‑β1‑induced 
differentiation and inhibited collagen production of cardiac 
fibroblasts  (29). Downregulation of miR‑29 effectively 
increased the expression of collagens COL1A1, COL1A2 and 
COL3A1 in vitro and in vivo (30). Li et al (31) reported that 
miR‑130a was increased in angiotensin II‑infused mice, and 
promoted the expression of profibrotic genes and differen‑
tiation of myofibroblasts by inhibiting peroxisome proliferator 
activated receptor γ expression (31). The present study demon‑
strated that miR‑141 levels in MI model rats decreased 
at 1 week post‑MI compared with sham rats, and gradually 
increased with time. It has been reported that miR‑141 levels 
were decreased in diabetic mice myocardium and cardiac 
fibroblasts treated with angiotension II (22). The results of the 
present study indicated that miR‑141 overexpression signifi‑
cantly inhibited TGFβ‑induced proliferation and collagen 
synthesis in cardiac fibroblasts. Therefore, miR‑141 may serve 
an inhibitory role in cardiac fibrosis.

Bioinformatics analysis revealed that miR‑141 bound to 
the 3'‑UTR of SGLT2. The results of luciferase and western 
blotting assays suggested that miR‑141 directly regulated the 
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expression of SGLT2. Additionally, SGLT2 overexpression 
reversed miR‑141‑mediated reductions of TGFβ‑induced 
proliferation and collagen I and collagen III expression levels 
in cardiac fibroblasts. Therefore, the present study suggested 
that there was an association between miR‑141 and SGLT2 in 
the pathogenesis of cardiac fibrosis.

In summary, the present study indicated that SGLT2 
expression was upregulated in cardiac fibrosis, and that SGLT2 
knockdown reduced cardiac fibrosis and improved cardiac 
function following MI. Additionally, the results suggested 
that SGLT2 was regulated by miR‑141 in the pathogenesis 
of cardiac fibrosis. Therefore, the results of the present study 
provided evidence that the miR‑141/SGLT2 axis may serve as 
a novel target for the treatment of cardiac fibrosis.
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