
EXPERIMENTAL AND THERAPEUTIC MEDICINE  20:  117,  2020

Abstract. Myocardial fibrosis (MF) is an important patholog‑
ical change in diabetic cardiomyopathy. The aim of the present 
study was to investigate whether irbesartan serves a role in 
improving MF in a diabetic rat model. Fasting blood glucose 
(FBG), total cholesterol (TC), triglyceride (TG), high‑density 
lipoprotein cholesterol (HDL‑C) and low‑density lipoprotein 
cholesterol (LDL‑C) levels were measured in rats using 
biochemical methods. Heart weight index (HWI), left ventric‑
ular weight index (LVWI), left ventricular systolic pressure 
(LVSP) and left ventricular end‑diastolic pressure (LVEDP) 
were also measured, whilst type I collagen and hydroxypro‑
line content in myocardial tissue was quantified. Western 
blotting was used to measure the expression of transforming 
growth factor β1 (TGFβ1), phosphorylated (p)‑Smad2/3 and 
collagen type I α 1 chain (COL1A1) inmyocardial tissues or rat 
cardiac fibroblast (RCF) cells. Cell proliferation was measured 
using EdU staining. Procollagen type III N‑terminal peptide 
(PIIINP) content, FBG, TC, TG and LDL‑C levels were found 
to be significantly higher, whilst HDL‑C levels were found to 
be significantly lower in rats in the diabetic group. Those in 
the diabetic group also exhibited significantly elevated HWI, 
LVWI, LVEDP, myocardial tissue type I collagen content 
and hydroxyproline content values, but significantly reduced 
LVSP. Changes in the aforementioned indicators were reversed 
after treatment with irbesartan, where the protein expression 
levels of TGFβ1 and p‑Smad2/3 in myocardial tissue were also 
significantly reduced. In RCF cells, irbesartan significantly 
reversed high glucose‑induced upregulation of TGFβ1 expres‑
sion, Smad2/3 phosphorylation and COL1A1 expression, as 
well as reducing cell proliferation and rat type I PICP and 
PIIINP levels. Application of pirfenidone produced addi‑
tive effects on reducing the expression levels of the proteins 
aforementioned when combined with irbesartan. Therefore, 

the present results demonstrated that irbesartan reduced the 
activity of the TGFβ1/Smad2/3 pathway and ameliorated 
diabetic MF by downregulating the expression of TGFβ1.

Introduction

Diabetic mellitus (DM), which describes a series of metabolic 
disorders affecting protein, fat and electrolytes, is caused 
by the absolute or relative deficiency of insulin secretion or 
decreased insulin sensitivity in target tissue cells, which is 
mainly characterized by abnormally elevated blood sugar 
content (1,2). The metabolic disorder caused by DM directly 
affects cardiac myocytes and cardiac fibroblasts, changing the 
function of cardiac myocytes and the deposition of collagen 
in the cardiac interstitium, leading to decreases in myocar‑
dial compliance and diastolic function (3). As the disease 
progresses, the systolic function of the heart also decreases, 
causing congestive heart failure, cardiogenic shock and sudden 
mortality, which seriously affect the life and health of patients 
with DM (4). Myocardial fibrosis (MF) is an important factor 
in cardiac diastolic, contractile function impairment and 
congestive heart failure during the progression of diabetic 
cardiomyopathy (DCM) (5‑7).

Previous studies have shown that transforming growth 
factor β1 (TGFβ1) regulates the transcription of related extra‑
cellular matrix (ECM) components by activating downstream 
Smad proteins and serves an important regulatory role in 
fibrosis in various tissues and organs (8‑10). In the condition 
of diabetic pathological hyperglycaemia, the renin angiotensin 
aldosterone system (RAAS) is activated, which increases 
blood circulation and angiotensin II (Ang II) content in the 
myocardium (11). Furthermore, Ang II increases the expression 
of a variety of fibrotic factors, including transforming growth 
factor β (TGF‑β), connective tissue growth factor (CTGF) and 
collagen in the myocardial interstitium whilst reducing the 
degradation of collagen, thus promoting the development of 
diabetic MF (12,13). Irbesartan is an Ang II receptor antagonist 
that can effectively block the binding of Ang II to its receptor 
and inhibit its downstream biological functions (14). Currently, 
irbesartan is widely used in the clinic, mainly for the treatment 
of hypertension and type II diabetic nephropathy with hyper‑
tension (15). In addition, previous studies have reported that 
irbesartan can improve MF induced by hypertension (16‑18); 
however, to the best of our knowledge, there have been an 
insufficient number of studies on the effects of irbesartan on 
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MF in patients with DM. Therefore, the aim of the present 
study was to investigate whether irbesartan serves a role in 
improving MF in a diabetic rat model.

Materials and methods

Ethical statement. The present study was approved by the 
Animal Ethics Committee and was conducted in accordance to 
the relevant agreements with the Beijing Chaoyang Hospital of 
the Capital Medical University (approval no. 201705231). All 
procedures were performed in accordance with the Guidance 
Suggestions for the Care and Use of Laboratory Animals (19).

Main reagents and materials. DMEM, FBS and penicillin‑ 
streptomycin were purchased from Gibco (Thermo Fisher 
Scientific, Inc.), and a hydroxyproline assay kit (cat. no. A030‑1‑1) 
was purchased from Nanjing Jiancheng Bioengineering 
Institute. Irbesartan was purchased from Sanofi (Hangzhou) 
Pharmaceutical Co., Ltd. Healthy adult male Sprague Dawley 
(SD) rats (n=30; age, 6 weeks; weight, 220‑240 g) were 
acquired from the Guangdong Medical Laboratory Animal 
Center. A high‑fat and high‑sugar diet was purchased from 
Jiangsu Synergy Pharmaceutical Bioengineering Co., Ltd. 
(https://www.jsxtsw.com/) and streptozotocin (STZ) citrate 
buffer was purchased from Sigma‑Aldrich (Merck KGaA). A 
rat collagen I ELISA kit (cat. no. 20180302A) was purchased 
from Suzhou Calvin Biotechnology Ltd. (https://biocalvin.
biogo.net/) and rat cardiac fibroblasts (RCFs) were purchased 
from Cloud‑Clone Corp. (cat. no. CSI095Ra01). The TGFβ1 
inhibitor pirfenidone was purchased from Selleck Chemicals. 
Rabbit anti‑human TGFβ1 (cat. no. ab92486; 1:2,000), 
anti‑phosphorylated (p)‑Smad2/3 (cat. no. ab272332; 1:2,000), 
Smad2/3 (cat. no. ab63672, 1:2,000), and anti‑collagen type I 
α1 (COLIA1; cat. no. ab34710; 1:2,000) polyclonal antibodies 
were purchased from Abcam. ECL chemiluminescence solu‑
tionand bicinchoninic acid protein quantitative detection kits 
were purchased from Beyotime Institute of Biotechnology. 
Rat type I procollagen carboxyl‑terminal peptide (PICP; 
cat. no. CSB‑E08081r) and Type III procollagen amino terminal 
pro‑peptide (PIIINP) ELISA kits (cat. no. CSB‑E08096r) were 
purchased from CusabioTechnology LLC. Chloral hydrate and 
PBS were obtained from Sangon Biotech Co., Ltd. Biological 
function was assessed with a BL‑420L biological signal collec‑
tion system (Chengdu Taimeng Software Co., Ltd.), and flow 
cytometry was performed using a Beckman Coulter FC500 
MCL flow cytometer (Beckman Coulter, Inc.).

Establishment of the DCM rat model. Rats were allowed free 
access to water and food under 22±2˚C, 55±10% humidity and 
12‑h light/dark cycle.A rat model of type 2 DM was estab‑
lished by feeding freely with a high‑fat and high‑sugar diet 
combined with an intraperitoneal injection of a low dose of 
STZ (40 mg/kg). After 1 week of adaptive feeding of SD rats, 
the model was established. DM model rats were fed a high‑fat 
and high‑sugar diet for 2 months. After the rats were fasted for 
12 h, 1% STZ citrate buffer was injected into the abdominal 
cavity (40 mg/kg). The model was considered successful 
when the fasting blood glucose (FBG) concentration was 
>16.7 mmol/l for 3 consecutive days. Blood was obtained 
by using the blood glucose meter blood sampling needle to 

pierce the tip of the tail of the rat and then squeezed a drop 
of blood onto the blood glucose test paper to test the blood 
glucose level. Food intake, drinking water intake and urine 
output were significantly higher in model rats compared with 
control rats, indicating that the DM model was successfully 
established. The rats remained on the high‑fat and high‑sugar 
diet for a further 10 weeks.

The eight rats in the control group were fed on a standard 
diet, given intraperitoneal injections of citrate buffer 
(10 ml/kg, no STZ) after 2 months of feeding and continued 
on the standard feed until the end of the experiment.

Irbesartan treatment of DCM rats. In total, 30 rats were 
randomly divided into the blank control group (n=8) and 
the DCM1 group (n=22). The remaining rats in which the 
DCM model was successfully established were divided into 
two groups: DCM group (n=6) and the DCM + irbesartan 
group (n=6). Irbesartan was intragastrically administered at 
50 mg/kg (20) once daily for 10 weeks. In the DCM and blank 
control groups, a corresponding volume of saline (10 ml/kg) 
was administered by gavage. DCM rats were fed the high‑fat 
and high‑sugar diet, whilst rats in the blank control group were 
fed on the standard maintenance diet for 10 weeks.

Blood glucose and blood lipid detection. Rats were anaes‑
thetized with an intraperitoneal injection of chloral hydrate 
(300 mg/kg), before 2 ml blood was obtained from the orbital 
venous plexus and a sterile cotton ball was used to stop the 
bleeding immediately after pressing the orbit, following 
which the rats resumed normal diet and activities. FBG, total 
cholesterol (TC), triglyceride (TG), high‑density lipoprotein 
cholesterol (HDL‑C) and low‑density lipoprotein choles‑
terol (LDL‑C) levels were measured with a 7180 Automatic 
Biochemical Analyzer (Hitachi, Ltd.).

Heart weight index (HWI) and left ventricular weight index 
(LVWI) determination. After the rats were weighed, they 
were anaesthetized with an intraperitoneal injection of chloral 
hydrate (300 mg/kg) and the hearts were removed. After the 
heart tissue was washed with saline and filter paper was used 
to absorb excess water, each heart was weighed. Subsequently, 
the left and right atrium and the right ventricle were removed, 
and the left ventricle was weighed to provide the LVW. HWI 
and LVWI were calculated using the following equations: 
HWI=HW/body weight (BW; mg/g) and LVWI=LVW/BW 
(mg/g). The heart tissue was then stored at ‑80˚C for further 
experimentation.

Cardiac function evaluation. Cardiac haemodynamic indexes 
of each group were measured by cannulation of the carotid 
artery, and cardiac function was evaluated after intraperito‑
neal injection of 10% chloral hydrate (300 mg/kg). The right 
cervical artery was isolated, exposed and cannulated. The left 
ventricle was cannulated through the right common carotid 
artery. The left ventricular systolic pressure (LVSP) and left 
ventricular end‑diastolic pressure (LVEDP) were detected 
using the BL‑420L biological signal collection system.

Detection of myocardial hydroxyproline. In total, 100 mg 
myocardial tissue and 400 µl pre‑cooled PBS were added to 
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a manual glass homogenizer, which was then evenly grinded 
it in an ice box and poured into a 1.5 ml tube. This mixture 
was centrifuged at 4,000 x g 5 min at 4˚C, before the superna‑
tant was collected. The hydroxyproline content was detected 
by ELISA according to manufacturer's protocol. The plates 
included blank, standard and sample wells. A myocardial 
hydroxyproline standard sample (10 µl) was first diluted in 
a 40 µl solution. The plate was sealed and incubated at 37˚C 
for 30 min. The sealing film was then carefully removed, the 
liquid was discarded and the plate was dried and washed with 
PBS five times for 30 sec each. Enzyme‑labelling reagent 
(50 µl) was added to each well (except the blank well), and 
the plate was sealed and incubated at 37˚C for 30 min. The 
sealing membrane was carefully removed from the plate, 
and the wells were filled with washing liquid. This process 
was repeated five times. Chromogenic agent A (50 µl) was 
added to each well and then 50 µl colour agent B was added. 
Subsequently, the plates were lightly shaken at 37˚C for 15 min 
in the dark. Terminating solution (50 µl) was added to each 
well to terminate the reaction. With the blank well set to zero, 
the absorbance of each well was measured at 450 nm.

RCF cell culture and treatment. RCF cells were inoculated 
into culture dishes (1x106/well), and DMEM supplemented 
with 10% FBS and 1% penicillin‑streptomycin was added. 
Cells were cultured in a CO2 culture box with 5% CO2 at 37˚C. 
After the cells were grown to 80‑90% confluence, cells were 
then cultured at a 1:5 ratio and tested within four generations.

According to the different treatment concentrations of 
D‑glucose (Dalian Meilun Biotechnology Co., Ltd.), the RCF 
cells were divided into the normal‑glucose concentration 
group (5 mM D‑glucose; control group) and the high‑glucose 
(HG) treatment group (25 mM D‑glucose). RCF cells treated 
with HG were further divided into three groups: HG group, 
the HG + irbesartan (10 µM) group and the HG + irbesartan 
(10 µM) + pirfenidone (5 mM) group. Cells in each treatment 
group were cultured (5% CO2, 37˚C) for 48 h in vitro and 
collected for mRNA and protein detection.

EdU detection of cell proliferation. After RCF cells were 
incubated in complete culture medium for 2 h at 37˚C with 
10 µl EdU, the cells were cultured for an additional 48 h in 
accordance with the aforementioned groups and digested 
with 0.2% trypsin at 25˚C for 60 sec. After PBS washing and 
centrifugation (500 x g, 25˚C, 5 min), cells were incubated in 
10% neutral formaldehyde at room temperature for 15 min. 
PBS was then added to the cells, which were then centrifuged 
at 300 x g for 5 min at 25˚C. Subsequently, 100 µl 0.5% Triton 
X‑100 in PBS was added to the cells at room temperature and 
500 µl reaction liquid was added for detection. Cell prolif‑
eration was detected after incubation at room temperature 
for 30 min, followed by the addition of 3 ml washing liquid 
and centrifugation of the washing liquid. The cell pellets were 
then resuspended in 500 µl washing liquid and flow cytometry 
was performed using a Beckman Coulter FC 500 MCL flow 
cytometer, which was analyzed using the FlowJo software 
(FlowJo v7.6.5; FlowJo LLC).

ELISA detection of type I collagen in rat tissues and PICP 
and PIIINP in RCF cell culture medium. PBS was added to 

the myocardial tissue at 1:5 (myocardial tissue:PBS), which 
was then homogenized and centrifuged at 1,000 x g 10 min 
at 4˚C before the supernatant was obtained. Type I collagen 
content was then measured in the supernatant according to the 
manufacturer's instructions.

RCF cells from each treatment group were cultured for 
48 h. The supernatant of the culture medium was collected 
and the levels of PICP and PIIINP in the culture medium 
were detected by ELISA, according to the manufacturer's 
instructions.

Western blotting of protein expression. After SDS lysis buffer 
(cat. no. P0013G; Beyotime Institute of Biotechnology) was 
added to the cells or myocardial homogenate, each sample 
was boiled for 5 min and the bicinchoninic acid method 
was used to detect the protein concentration. In total, 60 µg 
sample was then separated by 5% SDS‑PAGE and trans‑
ferred to a PVDF membrane. The membrane was blocked 
with 5% skimmed milk powder for 1 h at room temperature 
and then incubated with primary antibodies TGFβ1 (1:2,000), 
p‑Smad2/3 (1:2,000), Smad2/3 (1:2,000), COLIA1 (1:2,000), 
β‑actin (1:500; cat. no. ab179467; Abcam) overnight at 4˚C. 
After the membrane was washed with PBS + 10% Tween‑20 
for three times, the membranes were incubated with an appro‑
priate horseradish peroxidase‑labelled goat anti‑rabbit IgG 
secondary antibody (1:2,500; cat. no. G‑21234; Thermo Fisher 
Scientific, Inc.) for 1 h at room temperature. The membranes 
were subsequently detected with ECLand analyzed using the 
Quantity One image analysis software (version 4.5.0; Bio‑Rad 
Laboratories, Inc.).

Statistical analysis. Statistical analysis was performed using 
SPSS 18.0 software (SPSS, Inc.). Data are presented as the 
mean ± standard deviation from three experimental repeats. 
A t‑test was used to compare data between two groups. 
Differences among >2 experimental groups were evaluated by 
one‑way ANOVA followed by Tukey's test. P<0.05 considered 
to indicate a statistically significant difference.

Results

Abnormal blood glucose and blood lipid content in DCM 
model rats. The blood glucose test results indicated that the 
FBG content in the DCM group was significantly higher 
compared with the control group (P<0.001). Moreover, 
the levels of TC, TG and LDL‑C in the DCM group were 
significantly higher compared with the control group (P<0.05), 
while the levels of HDL‑C were significantly lower (P<0.05), 
as presented in Table I.

DCM model rats exhibit notable MF. The cardiac test results 
demonstrated that HWI and LVWI in the DCM group were 
significantly higher compared with the control group (P<0.001; 
Table II). ELISA results suggested that the myocardial concen‑
trations of type I collagen and hydroxyproline in the DCM 
group were significantly increased compared with that in the 
control group (P<0.001; Table II). The LVSP were significantly 
decreased (P<0.05; Table II) and LVEDP were significantly 
increased (P<0.001; Table II) in the DCM group compared 
with those in the control group (P<0.001; Table II).
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Irbesartan inhibits the TGFβ1/Smad2/3 pathway and reduces 
MF in DCM rats. The blood glucose test indicated that there 
was no significant difference in FBG content between the 

DCM group and the irbesartan group. Cardiac measure‑
ments identified that, compared with the DCM group, the 
DCM + irbesartan group had a significantly lower HWI and 
LVWI (P<0.001). Furthermore, compared with the DCM 
group, the DCM + irbesartan group had significantly reduced 
levels of collagen I and hydroxyproline in myocardial tissue 
(P<0.001), as presented in Table III.

Western blotting results demonstrated that the myocardial 
expression of TGFβ1 protein in the DCM + irbesartan group 
was significantly lower compared with the DCM group, and 
the protein expression of p‑Smad2/3 was also significantly 
decreased (Fig. 1).

Irbesartan alleviates DM‑induced cardiac dysfunction. 
Compared with the DCM group, the DCM + irbesartan group 
had a significantly higher LVSP (P=0.016) but significantly 
lower LVEDP (P<0.001; Table IV). Thus, these data indicated 
that irbesartan improved myocardial contractile function and 
compliance in DM rats.

Table IV. Comparison of LVSP and LVEDP test results in two 
groups of rats.

 LVSP LVEDP
Index (mmHg) (mmHg)

DCM group (n=6) 96.7±11.3 9.4±1.3
DCM + Irbesartan group (n=6) 116.9±12.8 5.6±0.8
t 2.898 6.098
P‑value 0.016 <0.001

DCM group, diabetic cardiomyopathy group; LVSP, left ventricular 
systolic pressure; LVEDP, left ventricular end‑diastolic pressure.

Table I. Blood glucose and blood lipid levels in two groups of rats.

Index FBG (mmol/l) TC (mmol/l) TG (mmol/l) HDL‑C (mmol/l) LDL‑C (mmol/l)

Control group (n=8) 4.69±0.58 1.23±0.19 1.33±0.21 1.03±0.11 0.88±0.09
DCM1 group (n=6) 23.61±3.89 2.71±0.39 2.59±0.42 0.84±0.08 1.06±0.15
t 11.816 9.431 7.407 3.568 2.807
P‑value <0.001 <0.001 <0.001 0.002 0.008

DCM1 group, diabetic cardiomyopathy 1 group; FBG, fasting blood glucose; TC, total cholesterol; TG, triglyceride; HDL‑C, high density 
lipoprotein cholesterol; LDL‑C, low density lipoprotein cholesterol.

Table III. Comparison of HWI, LVWI and myocardial fibrosis indexes in two groups of rats.

Index FBG (mmol/l) HWI (mg/g) LVWI (mg/g) Collagen I (ng/g) Hydroxyproline (µg/mg)

DCM group (n=6) 22.85±3.77 4.04±0.36 3.16±0.26 229.67±31.92 79.23±13.31
DCM + Irbesartan group (n=6) 21.17±4.12 3.18±0.31 2.75±0.25 158.72±29.63 52.86±10.77
t 0.737 4.434 2.784 3.990 3.773
P‑value 0.478 0.001 0.019 0.003 0.004

DCM group, diabetic cardiomyopathy group; FBG, fasting blood glucose; HWI, heart weight index; LVWI, left ventricular mass index.

Table II. Comparison of HWI, LVWI and myocardial fibrosis indexes in two groups of rats.

 HWI LVWI Collagen I Hydroxyproline LVSP LVEDP
Index (mg/g) (mg/g) (ng/g) (µg/mg) (mmHg) (mmHg)

Control group (n=8) 2.81±0.33 2.09±0.22 115.63±13.77 33.66±6.29 127.9±13.8 3.1±0.4
DCM1 group (n=6) 4.05±0.38 3.14±0.28 238.51±34.65 76.58±11.34 97.4±10.9 7.9±0.9
t 6.528 7.878 8.214 9.077 4.2 11.9
P‑value <0.001 <0.001 <0.001 <0.001 0.002 <0.001

DCM1 group, diabetic cardiomyopathy 1 group; HWI, heart weight index; LVWI, left ventricular mass index; LVSP, left ventricular systolic 
pressure; LVEDP, left ventricular end‑diastolic pressure.
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Irbesartan inhibits the TGFβ1/Smad2/3 pathway and 
HG‑induced fibrosis in RCF cells. Western blot analysis 
results demonstrated that the expression levels of TGFβ1 and 
p‑Smad2/3 in RCF cells were significantly higher in the HG 
treatment group compared with the control group. In addi‑
tion, HG treatment significantly increased the expression of 
COL1A1 in RCF cells, indicating that the ability of RCF cells 
to synthesize collagen was enhanced and that fibrosis was 
significantly changed.

After treatment of HG‑exposed RCF cells with irbe‑
sartan, TGFβ1 expression was significantly decreased, 
TGFβ1/Smad2/3 pathway activity was significantly inhibited, 
COL1A1 expression was reduced. When combined with irbe‑
sartan, treatment with the TGFβ1 inhibitor pirfenidone reduced 
TGFβ1/Smad2/3 pathway activity, COL1A1 expression further 
in RCF cells under HG treatment conditions (Fig. 2).

Irbesartan inhibits RCF cell proliferation and collagen 
synthesis. The proliferative ability of RCF cells in the HG 

treatment group was significantly increased compared with the 
control group. However, irbesartan treatment reduced the RCF 
proliferative ability, which was further decreased by combined 
treatment with irbesartan + pirfenidone (Fig. 3).

The ELISA results demonstrated that PICP and PIIINP 
contents in HG RCF cell culture conditions were significantly 
higher compared with the control culture conditions. It was 
found that irbesartan treatment significantly reduced the PICP 
and PIIINP content in the culture solution, while combined 
treatment with irbesartan + pirfenidone resulted in the lowest 
PICP and PIIINP content in the culture solution (Table V).

Discussion

Previous studies have reported that TGFβ1 plays an important 
role in regulating fibrosis in various tissues and organs, such 
as cardiac (21), liver (22), lung (23) and kidney (24) tissue, 
by activating downstream Smad proteins. TGFβ1 must bind 
with specific cell‑surface receptors to exert its corresponding 

Figure 1. Irbesartan inhibits the activity of the TGFβ1/Smad2/3 pathway in the myocardium in diabetic rats. (A) Western blot analysis of protein expression in 
the rat myocardium. (B) Statistical comparison of protein expression in the rat myocardium between the two groups. *P<0.05 vs. DCM group. DCM, diabetic 
cardiomyopathy; TGFβ1, transforming growth factor β1; p‑, phosphorylated.

Figure 2. Irbesartan inhibits the TGFβ1/Smad2/3 pathway and HG‑induced fibrosis in RCF cells. (A) Western blot analysis of protein expression in RCF 
cells. (B) Statistical comparison of protein expression in RCF cells. *P<0.05 vs. control group. #P<0.05, ##P<0.01 vs. HG group. HG, high glucose; TGFβ1, 
transforming growth factor β1; p‑, phosphorylated; COL1A1, collagen type I α 1 chain.
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biological effects. In mammalian cells, three types of 
TGFβ1 receptors (TβRs) are expressed: TβR‑I, TβR‑II and 
TβR‑III (25). Moreover, TβR‑III lacks intrinsic activity and 
has no signal transduction function itself. The active forms 
of TβR‑II and TβR‑III respond to stimuli in the body and 
function in signal transduction (26). Smads have signal trans‑
duction functions and act in the cytoplasm with TβR‑Ⅰ kinase, 
which plays a key role in the regulation of the TGFβ1/Smad 
pathway; within this pathway, Smad2 and Smad3 mediate 
TGFβ1 protein signal transduction (27,28). Under the stimu‑
lation of various factors, TGFβ1 combines with TβR‑II and 
TβR‑II binds to TβR‑I in response to phosphorylation (25,26). 
Phosphorylation‑activated TβR‑I then combines with Smad2/3. 
Moreover, phosphorylation‑activated Smad2/3 combines with 
Smad4 to form a protein polymer, which is transferred from the 
cytoplasm to the nucleus and regulates the transcription and 
expression of a variety of downstream target genes, including 
Col‑I, Col‑III and α‑SMA (29‑31). In a positive feedback 
mechanism, the protein complex acts on the promoter region 
of the TGFβ1 gene to promote its expression and TGFβ1 auto‑
crine signalling. In addition, TGFβ1 plays a positive feedback 
role by promoting the expression of the TβR‑I and TβR‑II 
receptor genes and amplifying the TGFβ1/Smad2/3 signalling 
pathway (29,30).

TGFβ1 is the regulatory factor most closely related to 
MF (21). Increased expression and activation of TGFβ1 
occurs within a common pathway and acts as an interme‑
diate bridge for MF caused by several factors. Thus, TGFβ1 
is considered to be a direct MF factor (32). Previous studies 
have revealed that Ang II signalling can lead to collagen 
deposition via a variety of pathways, including the 5'adenosine 
monophosphate‑activated protein kinase‑angiotensin 
converting enzyme 2 and CTGF‑fractalkine pathways, leading 
to fibrosis (33,34). Irbesartan, an Ang II receptor antagonist, 
affects the biological function of Ang II by blocking the 
binding of Ang II to its receptor (14). In a previous study 
examining ventricular fibrosis induced by hypertension, 
irbesartan regulated the degradation and synthesis of ECM by 
downregulating the expression of matrix metalloproteinase‑2 
and TIMP metallopeptidase inhibitor 2 to reduce the degree 
of ventricular MF (35). Irbesartan is widely used in the treat‑
ment of hypertension and type II diabetic nephropathy with 
hypertension and has been shown to alleviate MF caused by 
renal vascular hypertension (15). However, to the best of our 
knowledge, there have been few reports in China or elsewhere 
on whether irbesartan can reverse DM‑induced MF. Therefore, 
the aim of the present study was to investigate whether irbe‑
sartan can improve MF in DM model rats.

Table V. PICP and PIIINP levels in RCF cell culture medium from each treatment group.

Group Control HG HG + Irbesartan HG + Irbesartan + Pirfenidone

PICP (pg/ml) 615.8±31.9 1186.6±43.8a 926.5±36.9a 811.8±35.1a

PIIINP (pg/ml) 236.5±18.7 458.4±37.5a 364.3±26.5a 306.7±24.7a

aP<0.05 vs. control group. HG, high glucose; PICP, procollagen carboxyl‑terminal peptide; PIIINP, procollagen type III N‑terminal peptide.

Figure 3. Irbesartan inhibits the proliferation of HG‑treated RCF cells. (A) Flow cytometry detection of RCF cell proliferation. (B) Statistical comparison of 
the ratio of EdU‑positive RCF cells. *P<0.05. HG, high glucose.
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Lipid metabolism dysfunction is an important factor in 
type 2 DM pathogenesis (36). Therefore, the present study 
examined the serum TC level in STZ‑induced DM model to 
determine whether the model was successfully established. 
Compared with the control group, the DCM group had signifi‑
cantly higher blood glucose levels and abnormal blood lipid 
levels, indicating the successful establishment of the DM rat 
model. Furthermore, the HWI and LVWI of DCM rats were 
significantly increased. The myocardial content of type I 
collagen and hydroxyproline in DCM rats was significantly 
higher compared with control rats, suggesting that the myocar‑
dial tissue of DCM rats had obvious fibrotic changes. In line 
with other studies, such as that by Shen et al (37), significantly 
increased levels of the type I collagen COL1A1 have been 
shown in cardiac muscle tissue in DM rats compared with 
control rats.

In the present study, irbesartan‑treated DCM rats 
exhibited significantly milder fibrosis and lower TGFβ1 
and p‑Smad2/3 expression in the myocardium compared 
with DCM rats, suggesting that irbesartan may reduce 
TGFβ1/Smad2/3 pathway activation to alleviate MF in DM 
rats by reducing the expression of TGFβ1. Lv et al (38) investi‑
gated irbesartan and visceral fibrosis in diabetic nephropathy 
model animals, and found that irbesartan significantly 
reduced the expression of TGFβ1 in the glomerular tissue 
of diabetic nephropathy rats. Moreover, Tuncdemir et al (39) 
revealed that irbesartan treatment significantly reduced 
TGFβ1 expression in the glomeruli of diabetic nephropathy 
rats. Furthermore, irbesartan has been shown to significantly 
inhibit remodelling and fibrosis of the myocardium in hyper‑
tensive rats by downregulating the expression of TGFβ1 (40). 
In a study by Kataoka et al (41), irbesartan was revealed 
to serve a role in downregulating the expression of TGFβ1 
and inhibiting MF in atrial tachycardia models. In addition, 
Tanaka et al (42) demonstrated that irbesartan significantly 
inhibited bleomycin‑induced pulmonary fibrosis and reduced 
the expression of TGFβ1 in lung tissue. It has also been shown 
that the degree of renal tubulointerstitial fibrosis is signifi‑
cantly lower in irbesartan‑treated animals compared with 
untreated animals, and that the expression of TGFβ1 and the 
phosphorylation of Smad2 are also significantly inhibited in 
irbesartan‑treated animals (43). Using a rat model of hepatic 
fibrosis induced by bile duct ligation, Kim et al (44) reported 
that irbesartan significantly inhibited the expression of TGFβ1 
in the liver and reduced the severity of liver fibrosis. Thus, 
these previous findings suggest that irbesartan can inhibit 
fibrosis of the viscera by regulating the expression of TGFβ1 
and downregulating the activity of the TGFβ1/Smad2/3 
pathway, which is consistent with the present results.

Through further in vitro experiments, the present study 
also demonstrated that irbesartan decreased TGFβ1 expres‑
sion in RCF cells, inhibiting Smad2/3 activity. Enhancement 
and overactivation of cardiac fibroblast proliferation play 
important roles in the development of MF (45). Cardiac 
fibroblast activation mainly manifests as increased amounts 
of ECM around cardiac fibroblasts (46). Moreover, ratio of 
type I collagen to type III collagen synthesis is an important 
metric for cardiac fibroblast activation (47). Therefore, detec‑
tion of the amounts of the PICP before the formation of type I 
collagen and PIIINP before the formation of type III collagen 

has become a common method that reflects the content of 
type I and type III collagen proteins (48). The present study 
found that irbesartan significantly inhibited the proliferation 
of RCF cells under HG conditions and reduced the content 
of PICP and PIIINP. Combined treatment with pirfenidone 
further enhanced the inhibitory effect of irbesartan on 
RCF cell proliferation, collagen synthesis and fibroblast 
activation. As there is no RAAS in cultured cells in vitro, 
irbesartan may regulate the expression of TGFβ1 directly or 
indirectly via other mechanisms and affect the activity of the 
TGFβ1/Smad2/3 pathway, thus inhibiting cardiac myocyte 
fibrosis. Similarly, in vitro studies by Lv et al (38) have revealed 
that irbesartan significantly downregulated the expression of 
TGFβ1, collagen IV and fibronectin in HG‑treated glomerular 
mesangial cells and inhibited fibrosis of HG‑treated mesangial 
cells, indicating that irbesartan can inhibit fibrosis by directly 
downregulating TGFβ1 without relying on the RAAS system. 
Thus, it was indicated that lowering the expression of TGFβ1 
and the activity of the TGFβ1/Smad2/3 pathway may be one of 
the mechanisms via which irbesartan reduces MF in DM rats. 
However, irbesartan may also regulate MF in DM rats via other 
mechanisms; for instance, Liu et al (49) have shown that irbe‑
sartan alleviated MF in DM rats by regulating protein kinase 
D and the endoplasmic reticulum stress system. As this study 
was limited in its examination of other possible mechanisms, 
future studies will investigate the other possible mechanisms, 
including those of oxidative stressor immunomodulation, via 
which irbesartan affects diabetic MF.

In conclusion, the present results suggested that irbesartan 
may downregulate TGFβ1 expression, inhibit TGFβ1/Smad2/3 
pathway activity and promote collagen synthesis to reduce MF 
lesions and improve myocardial function.
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