
Molecular Medicine REPORTS  23:  404,  2021

Abstract. The purpose of the present study was to evaluate 
whether tanshinone IIA (TIIA) could treat cardiac dysfunction 
and fibrosis in heart failure (HF) by inhibiting oxidative stress. 
An HF model was induced by ligation of the left anterior 
descending artery to cause ischemia myocardial infarction (MI) 
in Sprague‑Dawley rats. Cardiac fibrosis was evaluated using 
Masson's staining, and the levels of collagen I, collagen III, 
TGF‑β, α‑smooth muscle actin (α‑SMA), matrix metallopro‑
teinase (MMP) 2 and MMP9 were determined using PCR or 
western blotting. TIIA treatment reversed the decreases of left 
ventricular (LV) ejection fraction, fractional shortening (FS), 
LV systolic pressure and the maximum of the first differentia‑
tion of LV pressure (LV ± dp/dtmax), the increases of LV volume 
in systole, LV volume in diastole, LV end‑systolic diameter 
and LV end‑diastolic diameter in MI rats. TIIA administration 
also reversed the increases of expression levels of collagen I, 
collagen  III, TGF‑β, α‑SMA, MMP2 and MMP9 in the 
heart of MI rats and in angiotensin (Ang) II‑treated cardiac 
fibroblasts (CFs). TIIA reversed the decreases of superoxide 
dismutase activity and malondialdehyde and the increases 
of superoxide anions and NADPH oxidase (Nox) activity in 
both MI rats and Ang II‑treated CFs. Nox4 overexpression 
inhibited the effects of TIIA of improving cardiac dysfunction 
and fibrosis in MI rats and Ang II‑treated CFs. These results 
demonstrated that TIIA improved cardiac dysfunction and 
fibrosis via inhibiting oxidative stress in HF rats. Nox4 could 

regulate the inhibitory effects of TIIA on HF and cardiac 
fibrosis.

Introduction

Heart failure  (HF) remains a globally epidemic cardiac 
disease (1,2). HF is preceded by left ventricular (LV) remod‑
eling, such as enlarged myocardial size or increased LV mass 
due to pressure‑overload (3). Myocardial infarction (MI), the 
coronary artery disease, can increase the risk of HF and is 
even life‑threatening (4).

LV remodeling is characterized by increased cardiac 
interstitial fibrosis resulting from the accumulation of collagen 
type I, collagen type III, matrix metalloproteinase (MMP) 2, 
MMP9, TGF‑β and α‑smooth muscle actin (α‑SMA) (5‑7). 
Cardiac fibrosis is common in many cardiovascular diseases, 
such as myocardial infarction (8), hypertension (9) and cardio‑
myopathy (10) and is critical to the evolution of structural LV 
remodeling and the development of HF. Currently, the mecha‑
nisms of cardiac fibrosis in HF remains to be elucidated.

Tanshinone IIA (TIIA) is a natural compound extracted 
from the roots of Salvia miltiorrhiza Bunge and has been 
used in traditional Chinese medicine to protect against 
organ injuries  (11). Studies have demonstrated that TIIA 
exhibits antioxidative, anti‑cancer and anti‑inflammatory 
effects (12‑14). TIIA is also been used to treat cardiovascular 
diseases (15) because it can increase coronary blood flow 
and ameliorates myocardial metabolic disorder induced by 
hypoxia (16). Furthermore, TIIA treatment can reduce the 
infarction and increase myocardial regeneration and contrac‑
tility (16). However, the effects of TIIA on HF remain to be 
elucidated.

Oxidative stress serves important roles in pathological 
cardiac remodeling and cardiac failure (17,18). Coronary liga‑
tion can result in dilatation of left ventricle with compensatory 
hypertrophy of the remaining LV myocardium and the right 
ventricle (19). This remodeling is associated in LV non‑infarcted 
myocardium with increased oxidative stress and collagen 
infiltration (19). TIIA can inhibit hydrogen peroxide‑induced 
cardiomyocyte apoptosis (20). However, whether TIIA admin‑
istration can reverse cardiac fibrosis in MI‑induced HF rats 
via inhibiting oxidative stress is not known. In addition, it 
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is not clear whether NADPH oxidase (Nox) 4 is involved in 
the oxidative stress in the fibrosis of cardiac fibroblasts (CFs) 
induced by Ang II. These questions were addressed by the 
present study.

Materials and methods

Animals. Experiments were carried out on male Sprague‑Dawley 
(SD)  rats (age, 5‑6 weeks; weight, 180‑200 g; Vital River 
Biological Co., Ltd, Beijing, China). A total of 80 rats were 
used in the present study. All procedures were approved by 
the Experimental Animal Care and Use Committee of Nanjing 
University of Chinese Medicine (approval no. 17064512), and 
were conducted in accordance with the Guide for the Care 
and Use of Laboratory Animals (National Institutes of Health 
publication no. 85‑23, revised in 1996; pubmed.ncbi.nlm.nih.
gov/25121211/). The rats were kept in a temperature (22±1˚C) 
and humidity (30‑60%)‑controlled room on a 12‑h light/dark 
cycle with free access to standard chow and tap water. The 
rats were sacrificed using an overdose of sodium pentobarbital 
(100 mg/kg intravenously) for sample collection. Death was 
confirmed by the absence of heartbeat, corneal reflexes and 
paw withdrawal response to a noxious pinch.

Myocardial infarction model. The myocardial infarction (MI) 
in rats was induced by coronary artery ligation with sterile 
techniques as previously reported (21). Briefly, the rats were 
anesthetized with sodium pentobarbital (50  mg/kg,  i.p.) 
and randomly subjected to the ligation of the left anterior 
descending (LAD) coronary artery or sham‑operation. The 
heart was exposed through a left intercostal thoracotomy and the 
left coronary artery was looped by a single nylon suture (7‑0). 
The LAD was ligated under 1‑1.5 mm from the left atrial 
appendage in rats. The heart was then quickly repositioned 
into the chest. The sham rats were treated in the same way as 
the coronary ligation rats except that their coronary arteries 
were not ligated. After 24 h, the rats were randomly assigned 
to four groups: i) Sham + saline group, ii) sham + TIIA group, 
iii) MI +  saline group and iv) MI + TIIA group (n=8 for 
each group). TIIA (1.5  mg/kg/d/500  µl, Sigma‑Aldrich; 
Merck  KGaA)  (22) was orally gavaged to the rats in 
sham + TIIA and MI + TIIA groups for 28 days, while the rats 
in the other two groups received the same volume of saline. 
The rats were euthanized using an overdose of sodium pento‑
barbital (100 mg/kg intravenously) if malaise or surgical site 
putrescence presented.

Echocardiography. Transthoracic echocardiography was 
performed using an ultrasound system (VisualSonics Inc.) with 
a 21‑MHz probe under isoflurane anesthesia (2.5%) to measure 
the LV end‑systolic diameter (LVESD), LV end‑diastolic diam‑
eter (LVEDD), LV volumes in diastole (LVVd) and LV volumes in 
systole (LVVs). The LV ejection fraction (EF) and fractional short‑
ening (FS) were calculated as EF = (LVVd‑LVVd)/LVVd x100 
and FS = (LVEDD‑LVESD)/LVEDD x100. The measurements 
over three consecutive cardiac cycles were averaged.

Hemodynamic monitoring. Rats were anesthetized with 
sodium pentobarbital (50 mg/kg, i.p.). A conductance micro‑
manometer catheter (1.4F, Millar Instruments, Inc.) was 

inserted into the LV chamber via the left carotid artery across 
the aortic valve. The left ventricular systolic pressure (LVSP) 
and LV  end‑diastolic pressure  (LVEDP), maximum of 
the first differentiation of LV  pressure (LV  +  dp/dt) and 
decline  (LV  ‑ dp/dt) were obtained with a PowerLab data 
acquisition system (ADInstruments Pty Ltd.).

Masson trichrome staining. The rats were sacrificed with an 
overdose of sodium pentobarbital (100 mg/kg, i.p.) and the 
hearts were harvested. Serial dehydration was performed 
using an ethanol concentration gradient, followed by paraffin 
embedding. Sections of the heart (5 µm) were examined by 
Masson's trichrome staining according to the manufacturer's 
instructions (Wuhan Servicebio Technology Co., Ltd.) to 
determine the extent of fibrosis. Three to five random fields 
of view were selected in three sections from each animal for 
observation under a light microscope (Zeiss AG). Captured 
images were analyzed using Image‑Pro Plus  software 6.0 
(Media Cybernetics, Inc.).

Culture of CFs. Rat CFs were isolated from 1‑3  day‑old 
SD rats (Beijing Vital River Laboratory Animal Technology 
Co., Ltd.). A total of 60 cubs were used in the present study. 
The hearts were collected following the pups anesthesia under 
isoflurane (3.5%). Briefly, CFs were separated from cardio‑
myocytes by gravity separation and grown to confluence on 
10 cm cell culture dishes with growth media [DMEM (Gibco; 
Thermo Fisher Scientific, Inc.] including 10% FBS, 1% peni‑
cillin and 1% streptomycin) at 37˚C in humid air with 5% CO2 
and 95% O2. The CFs from the second passage were incubated 
with Ang II (10‑6 M, Sigma‑Aldrich; Merck KGaA) for 24 h to 
induce the fibrotic phenotype. The CFs were then assigned to 
four groups: i) PBS group, ii) TIIA (10 µM) group, iii) Ang II 
group and iv) Ang II + TIIA (10 µM) group.

Reverse transcription‑quantitative PCR. The total RNA 
in LV or CFs (1x106 cells/ml) was extracted with TRIzol® 
(Thermo Fisher Scientific, Inc.). cDNA was extracted from 
RNA with reverse transcription using 10 µl random primers 
according to the instructions of the PrimeScript™  RT 
Master Mix (Takara Biotechnology Co., Ltd.) and stored at 
‑70˚C before use. Collagen I, collagen III, α‑smooth muscle 
actin (SMA), TGF‑β, matrix metalloproteinase (MMP) 2 and 
MMP9 mRNA levels were determined with Synergy Brands 
Green I fluorescence (Applied Biosystems) in accordance 
with the manufacturer's protocols. All samples were ampli‑
fied in triplicates for 45 cycles in a 384‑well plate (95˚C for 
15 sec, then 60˚C for 1 min). The relative gene expression 
was determined by calculating the values of ΔCq as a relative 
quantity to the endogenous control (23). These experiments 
were replicated three times. The primers sequences are listed 
in Table I.

Western blotting. CF samples were lysed in modified RIPA 
buffer (BioChannel Biological Technology Co., Ltd.). The 
protein concentration was determined using a BCA assay 
(Beyotime Institute of Biotechnology). A total of 30‑50 µg 
of protein was separated using SDS‑PAGE on 8% gels, then 
transferred to a PVDF membrane. The membrane was blocked 
with 5% skimmed milk powder at room temperature for 1 h 
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and probed overnight at 4˚C with primary antibodies against 
collagen I (1:1,000; cat. no. ab254113; Abcam), collagen III 
(1:5,000; cat.  no.  ab7778; Abcam), TGF‑β (1:1,000; 
cat. no. ab215715; Abcam), α‑SMA(1:10,000; cat. no. ab124964; 
Abcam), MMP2 (1:2,000; cat.  no.  ab92536; Abcam) and 
MMP9 (1:1,000; cat. no. ab228402; Abcam) primary antibodies 
(Abcam), followed by incubation with a HRP‑conjugated goat 
anti‑rabbit secondary antibody (1:10,000, cat.  no.  ab7090; 
Abcam) at 37˚C for 1 h. The bands were visualized using the 
enhanced chemiluminescence (ECL) substrate (BioChannel 
Biological Technology Co., Ltd.). The total AT1R protein level 
was normalized to the protein level of GAPDH (Bioworld 
Technology Inc.). Images were analyzed using Image‑Pro Plus 
software (version 6.0; XRayScan; CAD/CAM Services, Inc.).

Nox4 overexpression. Recombinant adenoviral vectors 
harboring green fluorescent protein (Ad‑GFP) and Nox4 
(Ad‑Nox4) were constructed and packaged by Shanghai 
GeneChem Co., Ltd. In the in vivo experiment, adenovirus 
(200 µl/rat, 1x1012 plaque‑forming units/ml) was injected into 
the rats via the tail vein. In the in vitro experiment, 20 µl orig‑
inal solution was diluted in 2 ml Enhance Infection Solution 
(Shanghai GeneChem Co., Ltd.). The CFs were transfected 
with serum‑free medium containing Ad‑Nox4 or Ad‑GFP at 
37˚C for 24 h.

Superoxide dismutase (SOD) activity level. The rats were 
sacrificed with an overdose of pentobarbital (100 mg/kg, i.p.). 
The LV samples were collected and homogenized in lysis 
buffer (Thermo Fisher Scientific, Inc.). SOD was measured 
using a commercial kit (Nanjing Jiancheng Bioengineering 
Institute; cat. no. A001‑3‑2) according to the manufacturer's 
instructions using a microplate reader (BioTek Instruments, 
Inc.).

Malondialdehyde level in the heart. After homogenizing the 
LV samples, malondialdehyde (MDA) levels in the LV were 
determined using an ELISA kit (Wuhan USCN Business 
Co., Ltd.; cat. no. CEA597Ge) following the manufacturer's 
instructions.

Measurement of Nox activity. The Nox activity in the heart was 
measured by enhanced lucigenin chemiluminescence. Briefly, 
NADPH (100 µM) was added to the media as a substrate to 

react with Nox and generate superoxide anions. The light 
emission produced by the reaction of lucigenin (5 µM) with 
superoxide anions was measured with a microplate reader 
(BioTek Instruments, Inc.) once every minute for 10 min. The 
values representing Nox activity were expressed as the mean 
light units (MLU) per min per mg of protein.

Measurement of superoxide anions. The level of superoxide 
anions in the heart was determined by lucigenin‑derived 
chemiluminescence. Briefly, the reaction with superoxide 
anions was started by adding dark‑adapted lucigenin (5 µM) 
to each sample to cause photon emission, which was measured 
with a microplate reader (BioTek Instruments, Inc.) once 
every minute for 10 min. The values representing the super‑
oxide anions level were expressed as the MLU per min per mg 
of protein.

Statistical analysis. Data are presented as the mean ± standard 
error of the mean and were analyzed using GraphPad Prism 7.0 
(GraphPad software Inc.). Statistics were completed using 
one‑way ANOVA, followed by Bonferroni test for post hoc 
analysis when multiple comparisons were made. P<0.05 was 
considered to indicate a statistically significant difference.

Results

TIIA improves cardiac function of rats with MI‑induced 
HF. EF, FS, LVSP and LV ±dp/dtmax were reduced in rats 
with MI‑induced HF and this reduction was reversed by 
TIIA treatment. LVVs, LVVd, LVESD, LVEDD and LVEDP 
were increased in MI‑induced HF rats and this increase was 
attenuated by TIIA treatment (Fig. 1).

TIIA attenuates LV fibrosis in rats with MI‑induced HF. The 
mRNA expression levels of collagen I, collagen III, TGF‑β, 
α‑SMA, MMP2 and MMP9 in LV of MI rats were increased 
compared with sham rats. The increased levels of collagen I, 
collagen III, TGF‑β, α‑SMA, MMP2 and MMP9 in the LVs of 
MI rats were inhibited after TIIA administration (Fig. 2).

TIIA attenuates Ang II‑induced fibrosis of CFs. The mRNA 
expression levels of collagen I, collagen III, TGF‑β, α‑SMA, 
MMP2 and MMP9 increased in Ang  II‑treated CFs and 
this increase was reversed after TIIA treatment (Fig. 3A). 

Table I. List primers used for reverse transcription‑quantitative PCR.

Gene	 Species	 Forward primer, 5'‑3'	 Reverse primer, 5'‑3'

Collagen I	 Rat	 TCAAGATGGTGGCCGTTAC	 CTGCGGATGTTCTCAATCTG
Collagen III	 Rat	 CGAGATTAAAGCAAGAGGAA	 GAGGCTTCTTTACATACCAC
TGF‑β	R at	CA GGGAGTAAGGGACACGA	ACA GCAGTTAGGAACCCAGAT
α‑SMA	 Rat	 GTCCCAGACATCAGGGAGTAA	 TCGGATACTTCAGCGTCAGGA
MMP2	R at	CCCCA TGTGTCTTCCCCTTC	A GCTCCTGGATCCCCTTGAT
MMP9	R at	A GGGCCCCTTTCTTATTGCC	C GAGTAACGCTCTGGGGATC
GAPDH	 Rat	 GGCACAGTCAAGGCTGAGAATG	 ATGGTGGTGAAGACGCCAGTA

α‑SMA, α‑smooth muscle actin; MMP, matrix metalloproteinase.
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Figure 1. TIIA improves cardiac dysfunction in rats with MI‑induced heart failure. TIIA treatment improved the decreases of LV EF, FS, LVSP and the 
LV ± dp/dtmax and the increases of LVVS, LVVD, LVESD and LVEDD in MI rats. The results are expressed as mean ± standard error of the mean. n=8. 
*P<0.05 vs. the Sham + Saline group; #P<0.05 vs. the MI + Saline group. TIIA, tanshinone IIA; MI, myocardial infarction; LV, left ventricular; EF, ejection 
fraction; FS, fractional shortening; LVSP, LV systolic pressure; LV ± dp/dtmax, maximum of the first differentiation of LV pressure; LVVS, LV volume in systole; 
LVVD, LV volume in diastole; LVESD, LV end‑systolic diameter; LVEDD, LV end‑diastolic diameter.

Figure 2. TIIA attenuates LV fibrosis in rats with MI‑induced heart failure. (A) TIIA treatment attenuated LV fibrosis in MI rats, the blue area represents the 
fibrosis. Magnification, x400. (B) TIIA treatment inhibited the increases of collagen I, collagen III, SMA, TGF‑β, MMP2 and MMP9 in MI rats. The results are 
expressed as mean ± standard error of the mean. n=8. *P<0.05 vs. the Sham + Saline group; #P<0.05 vs. the MI + Saline group. TIIA, tanshinone IIA; LV, left 
ventricular; MI, myocardial infarction; SMA, α‑smooth muscle actin; MMP, matrix metalloproteinase.
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The Ang II‑induced increases in protein expression levels of 
collagen I, collagen III, TGF‑β, α‑SMA, MMP2 and MMP9 in 
CFs were inhibited after TIIA treatment (Fig. 3B).

TIIA attenuates oxidative stress in the LVs of HF rats and 
Ang II‑treated CFs. SOD activity level was reduced in the 
LVs of MI‑induced HF rats and this reduction was reversed by 
TIIA. MDA, superoxide anions and Nox activity levels were 
significantly increased in LV of MI‑induced HF rats and this 
increase was inhibited after TIIA treatment (Fig. 4A). The 
decrease of SOD activity and the increases of MDA, super‑
oxide anions and Nox activity levels in Ang II‑treated CFs 
were reversed by TIIA administration (Fig. 4B).

Nox4 overexpression reverses the improving effects of TIIA on 
cardiac function in HF rats. The expression level of Nox was 
increased in the heart rats treated with Ad‑Nox4 (Fig. 5A). The 

effects of TIIA in improving LV ± dp/dtmax, EF, FS and LVSP 
in MI‑induced HF rats were reversed by Nox4 overexpres‑
sion. Moreover, Nox4 overexpression also reversed the effects 
of TIIA in decreasing LVVs, LVVd, LVESD, LVEDD and 
LVEDP in MI‑induced HF rats (Fig. 5B and C.).

Nox4 overexpression reverses the inhibitory effects of TIIA on 
LV fibrosis in HF rats. Nox4 overexpression reversed the inhib‑
iting effects of TIIA on the increases in the mRNA expression 
levels of collagen I, collagen III, TGF‑β, α‑SMA, MMP2 and 
MMP9 in the LVs of rats with MI‑induced HF (Fig. 6).

Nox4 overexpression reverses the inhibitory effects of TIIA on 
Ang II‑induced CF fibrosis. Nox4 overexpression reversed the 
inhibitory effects of TIIA on Ang II‑induced increases in the 
mRNA expression levels of collagen I, collagen III, TGF‑β, 
α‑SMA, MMP2 and MMP9 in CFs (Fig. 7).

Figure 3. TIIA attenuates CFs fibrosis induced by Ang II. (A) TIIA treatment inhibited the increased mRNA expression levels of collagen I, collagen III, SMA, 
TGF‑β, MMP2 and MMP9 in Ang II‑treated CFs. (B) TIIA treatment inhibited the increased protein expression of collagen I, collagen III, α‑SMA, TGF‑β, 
MMP2 and MMP9 in Ang II‑treated CFs. The results are expressed as mean ± SE. *P<0.05 vs. the PBS group; #P<0.05 vs. the Ang II group. TIIA, tanshi‑
none IIA; CFs, cardiac fibroblasts; Ang II, angiotensin II; SMA, α‑smooth muscle actin; MMP, matrix metalloproteinase.
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Discussion

The present study found that TIIA improved cardiac dysfunc‑
tion in the rats with MI‑induced HF. The fibrosis of LV in 
HF rats and Ang II‑treated CFs was ameliorated following 
TIIA administration. Furthermore, oxidative stress was 
enhanced in LV of HF rats and in Ang II‑treated CFs, as indi‑
cated by the decrease of SOD activity and the increases of 
MDA, superoxide anions and Nox activity levels, all reversed 
by TIIA treatment. Nox4 overexpression inhibited the effects 
of TIIA in improving cardiac dysfunction in HF rats and the 
fibrosis of LV in HF rats and Ang II‑treated CFs.

The results of the present study demonstrated that TIIA 
treatment ameliorated the decreases of EF, FS, LVSP and 
LV ± dp/dtmax and the increases of LVVs, LVVd, LVESD, 

LVEDD and LVEDP in MI‑induced HF rats, indicating that 
TIIA improved cardiac dysfunction in HF. This finding is 
consistent with a previous finding that TIIA could significantly 
improve heart function in left anterior descending  (LAD) 
ligation‑induced HF (22).

As a complex pathological process involving myocar‑
dial fibrosis, cardiac hypertrophy and cardiomyocyte 
apoptosis, LV remodeling is often caused by cardiovascular 
diseases  (CVDs) such as HF, hypertension, or myocardial 
infarction (24,25). Cardiac fibrosis is a significant global health 
problem caused by pathological stimuli to the heart. Previous 
studies demonstrated that TIIA could inhibit the proliferation 
of mouse cardiac fibroblasts in cultures by MTT assay (26) and 
attenuate high glucose‑mediated collagen synthesis through 
inhibiting the TGF‑β1/Smad signaling pathway in cardiac 

Figure 4. TIIA attenuates the increase of oxidative stress in the heart of myocardial infarction MI rats and the Ang II‑treated CFs. (A) TIIA treatment 
increased the decreased SOD activity and inhibited the increases of MDA, superoxide anions and NADPH oxidase activity in the LV of MI rats. (B) TIIA 
treatment increased the decrease of SOD activity and inhibited the increases of MDA, superoxide anions and NADPH oxidase activity in Ang II‑treated CFs. 
The results are expressed as mean ± standard error of the mean. n=8. *P<0.05 vs. the (A) Sham + Saline or (B) PBS group; #P<0.05 vs. the (A) MI + Saline 
or (B) Ang II group. TIIA, tanshinone IIA; MI, myocardial infarction; Ang II, angiotensin II; CFs, cardiac fibroblasts; SOD, superoxide dismutase; MDA, 
malondialdehyde; LV, left ventricular.
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Figure 5. Nox4 overexpression reverses the effects of TIIA in improving cardiac dysfunction on rats with MI‑induced heart failure. (A) The expression level 
of Nox4 was increased in the heart rats treated with adenoviral (Ad)‑Nox4. (B) Nox4 overexpression reversed the improving effects of TIIA on the decreases 
of LV ± dp/dtmax in MI rats. (C) Nox4 overexpression reversed the improving effects of TIIA on the decreases of LV EF, FS and LVSP and the increases 
of LVVS, LVVD, LVESD and LVEDD in MI rats. The results are expressed as mean ± standard error of the mean. n=8. *P<0.05 vs. the (A) Ad‑GFP or 
(B and C) Sham + Ad‑GFP group; #P<0.05 vs. the MI + Ad‑GFP group; &P<0.05 vs. the MI + TIIA group. Nox, NADPH oxidase; TIIA, tanshinone IIA; 
MI, myocardial infarction; LV ± dp/dtmax, maximum of the first differentiation of LV pressure; LV, left ventricular; EF, ejection fraction; FS, fractional shortening; 
LVSP, LV systolic pressure; LVVS, LV volume in systole; LVVD, LV volume in diastole; LVESD, LV end‑systolic diameter; LVEDD, LV end‑diastolic diameter.

Figure 6. Nox4 overexpression reverses the effects of TIIA in inhibiting LV fibrosis in rats with MI‑induced heart failure. Nox4 overexpression reversed the 
effects of TIIA in attenuating the increases of collagen I, collagen III, SMA, TGF‑β, MMP2 and MMP9 in the LV of MI rats. The results are expressed as 
mean ± standard error of the mean. n=8. *P<0.05 vs. the Sham + Ad‑GFP group; #P<0.05 vs. the MI + Ad‑GFP group; &P<0.05 vs. the MI + TIIA group. 
Nox, NADPH oxidase; TIIA, tanshinone IIA; LV, left ventricular; MI, myocardial infarction; SMA, α‑smooth muscle actin; MMP, matrix metalloproteinase.
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fibroblasts (27). The present study found that the increases of 
collagen I, collagen III, TGF‑β, α‑SMA, MMP2 and MMP9 
in LV of MI‑induced HF rats were abolished following TIIA 
administration. In addition, TIIA treatment inhibited the 
increases of collagen I, collagen III, TGF‑β, α‑SMA, MMP2 
and MMP9 in Ang II‑treated CFs. These results suggested that 
TIIA attenuated the fibrosis of LV in HF.

As important molecules in the living organisms, reac‑
tive oxygen species (ROS) are involved in many signaling 
pathways (28). However, the overproduction of ROS serves a 
significant role in the development of CVDs (29,30). Oxidative 
stress, a key contributor to organ damage, is associated with 
various diseases (31), including cardiac fibrosis (32). Sodium 
TIIA sulfonate inhibits the increased production of ROS and 
expression of TGF‑β1 stimulated by Ang II in human atrial 
fibroblasts (33). TIIA significantly inhibits H2O2‑induced 
collagen synthesis via attenuating Nox activity and ROS 
generation  (34). Due to its antioxidative property, TIIA 
protects two‑kidney, two‑clip hypertensive rats from cardiac 
dysfunction and fibrosis, partially via reducing Nox activity, 
but without changing blood pressure (35). In the present study, 
the results demonstrated that SOD activity was significantly 
reduced and that the MDA, superoxide anions and Nox 
activity levels were increased in LV of HF rats, then decreased 
by TIIA treatment. Furthermore, the decrease of SOD activity 
and the increases of MDA, superoxide anions and Nox activity 
in Ang II‑treated CFs were reversed by TIIA administration. 
These results indicated that in the heart of MI‑induced HF 
rats, the oxidants and antioxidants were imbalanced, which 
could be reversed by TIIA; TIIA could curb cardiac fibrosis in 
HF via inhibiting oxidative stress.

TIIA might be a potent agent against the fibrosis in the 
hearts of lipopolysaccharide‑treated mice partially via 
inhibiting Nox2  (36). The present study found that Nox4 
overexpression reversed the effects of TIIA in ameliorating 
cardiac dysfunction in HF rats. The effects of TIIA in reducing 
collagen I, collagen III, TGF‑β, α‑SMA, MMP2 and MMP9 
on LV of HF rats were inhibited following Nox4 overexpres‑
sion. These results demonstrated that Nox4 could regulate the 
inhibitory effects of TIIA on HF and cardiac fibrosis.

In addition to the oxidative stress explored in the present 
study, TIIA is involved in various other signal pathways 
related to cardiac diseases. TIIA protects cardiomyocytes and 
improves cardiac function by activating the AMP‑activated 
protein kinase‑mammalian target of rapamycin signaling 
pathway to inhibit apoptosis and induce autophagy (22). TIIA 
prevents LV remodeling of MI rats, mainly through repressing 
the Toll‑like receptor  4/Myeloid differentiation primary 
response 88/NF‑κB signaling pathway (37). A previous study 
demonstrated that TIIA can activate the phosphatidylinositol 
3‑kinase/protein kinase B/mTOR signaling pathway to relieve 
myocardial ischemia reperfusion injury in rats (12).

In the present study, it was not clear how TIIA improved 
cardiac fibrosis of MI rats via inhibiting oxidative stress. Since 
only MI model‑induced cardiac fibrosis was investigated in the 
present study, whether cardiac fibrosis in other models could 
also be attenuated by TIIA remains unknown.

In conclusion, oxidative stress was enhanced in the 
hearts of HF rats, then attenuated by TIIA. TIIA restored the 
imbalance between oxidant and antioxidant levels. TIIA, func‑
tioning as an antioxidant, could improve cardiac dysfunction 
and attenuate fibrosis in HF rats and Ang II‑induced fibrosis 

Figure 7. Nox4 overexpression reversed the inhibiting effects of TIIA on Ang II‑induced fibrosis of CFs. Nox4 overexpression reversed the effects of TIIA in 
attenuating the increases of collagen I, collagen III, SMA, TGF‑β, MMP2 and MMP9 in the Ang II‑treated CFs. The results are expressed as mean ± standard 
error of the mean. *P<0.05 vs. the Ad‑GFP group; #P<0.05 vs. the Ang II group; &P<0.05 vs. the Ang II + TIIA group. Nox, NADPH oxidase; TIIA, tanshi‑
none IIA; Ang II, angiotensin II; CFs, cardiac fibroblasts; SMA, α‑smooth muscle actin; MMP, matrix metalloproteinase.
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in CFs. Nox4 regulated the inhibitory effects of TIIA in HF 
and cardiac fibrosis. It is hoped these results could provide 
evidence for the clinical application of TIIA in treating 
HF‑related cardiac fibrosis.
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