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Abstract
Background/Aims: Diabetes is associated with increased incidence of myocardial dysfunction, 
which is partly characterized by interstitial and perivascular fibrosis. Cardiac fibroblasts have 
been identified as an important participant in the development of cardiac fibrosis. Exposure 
of cultured cardiac fibroblasts to high glucose resulted in increased collagen synthesis. 
Tanshinone IIA can alleviate the ventricular fibrosis that develops in a number of different 
experimental conditions. However, whether tanshinone IIA can prevent high glucose-
induced collagen synthesis in cardiac fibroblasts remains unknown. The aim of this study 
was to evaluate the effects of tanshinone IIA on high glucose-induced collagen synthesis in 
cardiac fibroblasts. Methods: Rat cardiac fibroblasts were cultured in high glucose (25 mM) 
media in the absence or presence of tanshinone IIA and the changes in collagen synthesis, 
transforming growth factor-β1 (TGF-β1) production and related signaling molecules were 
assessed by 3H-proline incorporation, quantitative polymerase chain reaction, enzyme linked 
immunosorbent assay, and Western blotting. Results: The results indicate cardiac fibroblasts 
exposed to high glucose condition show increased cell proliferation and collagen synthesis 
and these effects were abolished by tanshinone IIA treatment. Furthermore, the inhibitory 
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effect of tanshinone IIA on high glucose induced cell proliferation and collagen synthesis may 
be associated with its activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) and 
the inhibition of TGF-β1 production and Smad2/3 phosphorylation. Conclusion: In summary, 
our results highlights the critical role tanshinone IIA plays as an antioxidant in attenuating high 
glucose-mediated collagen synthesis through inhibiting TGF-β1/Smad signaling in cardiac 
fibroblasts which provide a mechanistic basis for the clinical application of tanshinone IIA in 
the treating diabetic-related cardiac fibrosis.

Introduction

Tanshinone IIA was extracted from Danshen, a popular medicinal herb which has 
been used in traditional Chinese medicine in treating cardiovascular diseases for many 
years [1]. A series of our studies demonstrated tanshinone IIA prevents doxorubicin-
induced cardiomyocyte apoptosis [2], attenuates H2O2-induced injury [3]and induces heme 
oxygenase-1 (HO-1) expression by activating the nuclear factor erythroid 2-related factor 
2 (Nrf2) pathway in vascular endothelial cells [4], inhibits angiotensin II-induced cell 
proliferation via antioxidant activity in rat cardiac fibroblasts [5]. However, the effects and 
mechanisms of tanshinone IIA on cardio-protection are yet to be delineated.

Diabetes mellitus (DM) is one of the leading causes of cardiovascular diseases and 
myocardial fibrosis (characterized by the proliferation of cardiac fibroblasts and abundant 
accumulation of matrix proteins in the extracellular space) has been previously described as 
one of the major pathological consequences of long-standing DM in diabetic hearts [6]. High 
glucose (or hyperglycemia), the main feature of DM, has been shown to stimulate cardiac 
fibroblast proliferation in vitro and increase fibroblast collagen production [7], contributing 
to the pathological changes in the cardiovascular system. Transforming growth factor-β1 
(TGF-β1) is a pro-sclerotic cytokine consistently implicated in cardiac fibrosis and its 
expression is enhanced by diabetes [7]. In addition, high glucose mediates increased TGF-β1 
activity and downstream canonical Smad signaling with tanshinone IIA-containing capsules 
inhibiting fibrosis and improving cardiac function via suppression of this pathway [8].

However, no study has directly addressed the effects of tanshinone IIA on high glucose-
induced collagen synthesis in cardiac fibroblasts. The aims of this study were to investigate 
the effect of tanshinone IIA on high glucose-induced collagen synthesis and identify whether 
the underlying mechanisms are associated with its antioxidant effects and the modulation of 
the TGF-β1/Smad signaling pathway in cardiac fibroblasts.

Materials and Methods

Materials
Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum, and tissue culture reagents were from 

Invitrogen/GIBCO (Grand Island, NY, U.S.A). Tanshinone IIA (purchased from Santa Cruz Biotechnology) 
was dissolved in dimethyl sulfoxide (DMSO), and the DMSO content in all groups was 0.1%. The primary 
antibodies (anti-p-Smad2/3, anti-Smad2/3, anti-GAPDH, anti-PARP) were purchased from Cell Signaling 
Technology (Boston, MA, USA) and the primary antibodies (anti-HO-1, anti-Nrf2) were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). All other reagent-grade chemicals were purchased from 
the Sigma-Aldrich Chemical Co. (St. Louis, MO, U.S.A.).

Culture of cardiac fibroblasts
The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by 

the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was also approved by 
the Institutional Animal Care and Use Committee of China Medical University (IACUC 2016-032). Primary 
cultures of neonatal rat cardiac fibroblasts were prepared as previously described [9]. Briefly, ventricles 
from 1- to 2-day-old neonatal Sprague-Dawley rats were cut into chunks of approximately 1 mm3 by using 
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scissors and were subjected to trypsin (0.125%; Invitrogen, Carlsbad, CA, U.S.A.) digestion in phosphate 
buffered saline (PBS). Dispersed cells were incubated on 100-mm culture dishes for 30 min in a 5% CO2 
incubator. Neon myocytes attached to the bottom of the dishes were subsequently incubated with DMEM 
supplemented with 10% fetal calf serum for an additional 2 to 4 d. Confluent neon myocytes were treated 
with trypsin and subcultured. Subconfluent (~70% confluency) cardiac fibroblasts grown in culture dishes 
from the second to fourth passage were used in the experiments and were > 99% positive for vimentin 
antibodies (Sigma-Aldrich). Serum-containing medium from the cultured cells was replaced with serum-
free medium, and the cells were then exposed to the agents as indicated. Note that for the fibroblast 
proliferation assay and the TGF-beta1 secretion assay, following incubation with Tanshinone IIA for 12 h, 
cardiac fibroblasts were then exposed to a serum-free normal glucose medium (i. e. 5.6 mM glucose) or 
high-glucose medium (i. e. 25 mM glucose) for another 24 h before the analyses.

Proliferation assay
Proliferation was assessed by quantifying 5-bromo-2’-deoxyuridine (BrdU) incorporation [5]. Cells were 

removed from the culture dish by addition of trypsin and then centrifuged. Cell proliferation was assessed 
by the incorporation of BrdU. Cells (1×104 cells/well) were incubated in 96-well plastic plates. Then, BrdU 
(10 μM) was added to the medium and the cells were incubated for another 18 h. Subsequently, the cells 
were fixed and BrdU incorporation was determined with a Cell Proliferation enzyme-linked immunosorbent 
assay (ELISA) Kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer’s instructions.

3H-proline incorporation assay
For stimulation experiments, high glucose (25 mM) with or without tanshinone IIA was used. 

Cardiac fibroblasts were then incubated with 3H-proline (1 mCi/well, L-[2, 3,4, 5-3H]-proline; Amersham 
Biosciences, Buckinghamshire, UK) for 24 h. Incorporation of exogenous 3H-proline was determined by 
scintillation counting as previously described [9]. In order to rule out the interference of osmolality, we 
actually had performed a pilot study to determine the effects of osmotic pressure on cardiac fibroblasts. 
The effect on three groups including normal control group (medium with 5.6 mM glucose), high glucose 
treatment group (medium with 25 mM glucose), and high osmolality group (medium with 5.6 mmol/L 
glucose + 19.4 mM mannitol) had been observed. When cardiac fibroblasts were treated for 24 h with high 
glucose medium, significant increases in cell proliferation and [3H]proline incorporation occurred. These 
effects were not observed in high-osmolarity-treated cardiac fibroblates, which rules out the interference of 
osmotic pressure changes on the Tanshinone IIA-induced results.

RNA extraction and quantitative polymerase chain reaction (Q-PCR) analysis
Total RNA was extracted from cardiac fibroblasts using the TRIzol method according to the protocol 

recommended by the manufacturer (Invitrogen, Carlsbad, CA, USA), and used to synthesize single-stranded 
complementary (c) DNA with a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 
Foster City, CA, USA) as previously described [5]. TGF-β1 mRNA was quantified using TaqMan Gene 
Expression Master Mix (Applied Biosystems) with specific primers in an ABI 7300 Real-Time PCR System 
(Applied Biosystems). TaqMan Gene Expression Assay kits containing specific primers for TGF-β1 (lot no. 
Rn00572010_m1), and GAPDH (lot no. Rn01775763_g1) were obtained from Applied Biosystems. The 
specific primers for GAPDH were used to normalize the amount of sample added. All quantifications were 
performed in triplicate samples for three separate experiments.

Measurement of TGF-β1 concentrations
TGF-β1 levels were measured in culture medium using a commercial enzyme-linked immunosorbent 

assay (ELISA) kit (R&D Systems Inc., Minneapolis, MN, USA) according to the manufacturer’s protocols. 
Results were normalized to cellular protein content in all experiments, and expressed as a percentage 
relative to the control group.
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Western blot analysis
Nuclear protein was prepared as previously described [4]. Western blot analysis was performed as 

previously described [5]. Whole-cell extracts were obtained in a RIPA buffer (10 mM Tris, pH 7.5, 150 mM 
NaCl, 0.1% SDS, 1.0% Triton X-100, 1% Deoxycholate, 5 mM EDTA, 1 mM sodium orthovanadate, 1 mM PMSF, 
and protease inhibitor cocktail; Complete, Roche Diagnostics GmbH, Germany). Extracts or proteins were 
separated by SDS-PAGE followed by electrotransfer to polyvinylidene difluoride (PVDF) membranes and 
probed with antisera, followed by horseradish peroxidase-conjugated secondary antibodies. The proteins 
were visualized by chemiluminescence, according to the manufacturer’s instructions (Pierce Biotechnology 
Inc., IL, USA). Images were quantified by densitometry. The results were normalized to GAPDH (or PARP). 
All experiments were repeated for 3 times.

Flow cytometric assay of 2′,7′-dichlorodihydrofluorescein oxidation
The determination of intracellular reactive oxygen species production was based on the oxidation 

of 2′,7′-dichlorodihydrofluorescein (DCFH) to a fluorescent 2′,7′-dichlorofluorescein (DCF) as previously 
described [5]. DCFH was added at a final concentration of 10 μM and incubated for 30 min at 37°C. The cells 
were then washed once with PBS and maintained in a 1-ml culture medium. Following drug treatment, the 
medium was aspirated and cells were washed twice with PBS, and then dissociated with trypsin. Cellular 
fluorescence was determined by flow cytometry (FACS-SCAN, Becton-Dickinson, Franklin Lakes, NJ, USA). 
Cells were excited with an argon laser at 488 nM, and measurements were taken at 510–540 nm.

The Small Interfering RNA Targeting of Nrf2
The small interfering RNA targeted to Nrf2 (Nrf2−siRNA, sc-37030) and control siRNA (Scramble 

siRNA) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Cardiac fibroblasts were 
transfected with 100nM Nrf2-siRNA or Control siRNA with Lipofectamine 2000 (Invitrogen) for 24 hours 
according to the manufacturer’ protocol. The silencing effects were confirmed by Western blot.

Statistical Analysis
Results are expressed as mean + S.E.M. for at least six experiments unless designated otherwise. 

Statistical analysis was performed using Student’s t test or analysis of variance (ANOVA) followed by Tukey’s 
multiple comparisons using GraphPad Prism (GraphPad Software, San Diego, CA, USA). A value of P < 0.05 
was considered to be statistically significant.

Results

Tanshinone IIA inhibits high glucose induced fibroblast proliferation and collagen synthesis
We first tested the role of tanshinone IIA on cardiac fibroblast proliferation and collagen 

synthesis. Isolated cardiac fibroblast cells were cultured in normal and high glucose medium. 
The effects of tanshinone IIA on high glucose-stimulated rat cardiac fibroblast proliferation 
and collagen synthesis were assessed with both BrdU and 3H-proline incorporation. 
Compared with the normal glucose medium, high glucose (25 mM) for 24 h slightly 
stimulated fibroblast proliferation and collagen synthesis (Fig. 1A and 1B). Pretreatment 
of cardiac fibroblasts with tanshinone IIA (10 and 30 µM) for 30 min followed by exposure 
to high glucose resulted in a significant decrease in high glucose-increased cell proliferation 
and collagen synthesis (Fig. 1A and 1B). These data clearly suggest tanshinone IIA inhibited 
high glucose-induced proliferation and collagen synthesis in rat cardiac fibroblasts.

Tanshinone IIA inhibits high glucose induced TGF-β1 expression and Smad2/3 
phosphorylation in cardiac fibroblasts
Cytokine TGF-β1 has been found to influence each of the single components of the 

remodeling process and is a key mediator of pathological cardiac fibrosis [10]. To investigate 
whether tanshinone IIA affects TGF-β1 in cardiac fibroblasts exposed to high glucose 
medium, cardiac fibroblasts were treated with tanshinone IIA under high glucose conditions. 
The expression of TGF-β1 was determined by QPCR and ELISA. As shown in Fig. 2A, cardiac 
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fibroblasts treated with high 
glucose medium showed 
increased mRNA expression 
of TGF-β1 when compared 
with cardiac fibroblasts in 
the normal group (5.6 mM 
glucose). However, high 
glucose medium induced 
TGF-β1 upregulation was 
prevented by treatment 
of cardiac fibroblasts with 
tanshinone IIA (10 and 30 
μM). ELISA assay results 
revealed the content of 
TGF-β1 in cardiac fibroblasts 
supernatant was elevated 
by high glucose medium. 
Similarly, the promotion 
effects of high glucose medium 
on TGF-β1secretion in cardiac 
fibroblasts were reversed by 
tanshinone IIA (10 and 30 μM) 

Fig, 1. Effects of 
tanshinone IIA on 
high glucose-induced 
cell proliferation and 
collagen synthesis in 
cardiac fibroblasts. 
Cardiac fibroblasts 
were cultured in a 
serum-free normal 
glucose medium (NG, 
5.6 mM glucose) or 
high glucose medium 
(HG, 25 mM glucose) 
in the absence 
or presence of 
tanshinone IIA (1, 3, 
10 or 30 μM) for 24h. 
Results were shown 
as mean ± S.E.M. 
(n=6). *P<0.05 versus 
NG control group; # P<0.05 versus HG group. (A) Cell proliferation 
was assessed using the BrdU incorporation. (B) Collagen synthesis 
was assessed using 3H-proline incorporation.

1 
 

Figure 1: 

 

Fig. 2. Tanshinone IIA inhibits 
high glucose-induced TGF-β1 
expression and Smad2/3 
phosphorylation in cardiac 
fibroblasts. Results were shown 
as mean ± S.E.M. (n=6). *P<0.05 
versus normal glucose control 
group; # P<0.05 versus high glucose 
group. (A) Cardiac fibroblasts were 
treated with normal glucose (NG) 
medium or high glucose (HG) 
medium in the absence or the 
presence of tanshinone IIA (1, 3, 
10 or 30 μM) for 24 h, the mRNA 
expression levels of TGF-β1 was 
detected by Q-PCR with GAPDH 
as the normalization control. (B) 
The secretion level of TGF-β1 in 
cardiac fibroblasts supernatant 
was measured by ELISA assay after 
cardiac fibroblasts were treated 
with HG medium in the absence or 
presence of tanshinone IIA (1, 3, 10 
or 30 μM) for 24 h. (C) The protein 
expression levels of Smad2/3, 
and P-Smad2/3 were detected by 
Western blotting, NG medium containing human recombined TGF-β1 (10 ng/mL) was used as a positive 
control. Cardiac fibroblasts were treated with NG medium or HG medium in the absence or presence of 
tanshinone IIA (10 μM) for 2 h. Representative micrograph of expression of Smad2/3 and P-Smad2/3 in 
Western blot analysis (left) and quantitative results (right).
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treatment (Fig 2B).
TGF-β receptors 

exert many of their 
effects through Smad-2/3 
phosphorylation  [10]. 
Therefore, downstream of 
TGF-β1, phosphorylated 
Smad2/3 was also detected. 
Human recombined TGF-β1 
was used as a positive 
control. After treatment for 
24 h, total cell proteins were 
extracted and subjected to 
Western blotting assay. As 
illustrated in Fig. 2C, high 
glucose medium treatment 
for 2 h can enhance the 
phosphorylation level of 
Smad2/3. However, high 
glucose medium stimulated 
Smad2/3 phosphorylation 
was suppressed by 
tanshinone IIA (10 
μM) treatment. These 
observations indicated 
tanshinone IIA may inhibit 
the high glucose mediated 
fibrosis response through 
regulating the TGF-β1/
Smad pathway.

Tanshinone IIA lessens 
high glucose induced 
ROS production and 
collagen synthesis in 
cardiac fibroblasts
Increased reactive 

oxygen species (ROS) 
has been demonstrated to play an important role in the development of cardiac fibrosis 
in the setting of diabetes [11]. We next explored the mechanism by which tanshinone IIA 
inhibited the high glucose-induced collagen synthesis, mainly focusing on ROS generation. 
The fluorescence intensity of ROS probe DCFH-DA was detected by a flow cytometer in 
response to the levels of ROS. N-acetylcysteine (NAC) was selected for its common use as 
a well-known antioxidant of ROS measurement [11]. Our data showed the fluorescence 
intensity enhanced by high glucose was significantly reduced by tanshinone IIA (10 μM) (Fig. 
3 A). Pre-treatment with NAC (5 mM) for 2 h also remarkably alleviated the ROS triggered 
by high glucose medium. Further, we tested the role of tanshinone IIA and NAC on cardiac 
fibroblast proliferation and collagen synthesis. Compared with the normal glucose medium, 
high glucose stimulated fibroblast proliferation was significantly blocked by tanshinone 
IIA or NAC treatment (Fig. 3B). Besides the pro-proliferative role of high glucose on cardiac 
fibroblasts, tanshinone IIA or NAC also attenuated the collagen synthesis induced by high 
glucose (Fig. 3C). These findings suggested the anti-fibrotic effect of tanshinone IIA might be 
related to the reduced oxidative stress level.

Fig. 3. Tanshinone 
IIA inhibits high 
glucose-induced ROS 
in cardiac fibroblasts. 
Results were shown 
as mean ± S.E.M. 
(n=6). *P<0.05 
versus normal 
glucose (NG) control 
group; # P<0.05 
versus high glucose 
(HG) group. (A) 
Effects of tanshinone 
IIA on HG-induced 
ROS generation. 
Cardiac fibroblasts 
were cultured in NG, 
or HG medium for 30 
min, or preincubated 
with tanshinone 
IIA (10 µM) or NAC 
(5mM) for 30 min 
and then stimulated 
with HG medium for 
30 min. Column bar 
graph of mean cell 
fluorescence for DCF. 
The fluorescence 
intensities in NG 
control cells are 
expressed as 100%. 
(B) Effects of 
tanshinone IIA and NAC on HG induced fibroblast proliferation. (C) 
Effects of tanshinone IIA and NAC on HG induced collagen synthesis. 
Cardiac fibroblast cells were cultured in NG or HG in the absence or 
presence of tanshinone IIA (10 μM) or NAC (5mM) for 24 h.
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Figure 3: 
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Tanshinone IIA activates Nrf2 signaling 
pathway
Nrf2 is a well-known anti-oxidative 

protein which is also frequently related 
to anti-fibrotic actions [12, 13]. To better 
understand the possible signaling pathways 
and mechanisms implicated in the action of 
tanshinone IIA, we detected the expression 
of Nrf2 and Nrf2 downstream HO-1 in cardiac 
fibroblasts under high glucose conditions. Our 
data showed a high glucose condition could 
induce a slightly elevation of the translocation 
of Nrf2 from the cytoplasm to the nucleus 
as well as by enhance HO-1 expression, the 
effect of which was further augmented by 
tanshinone IIA treatment (Fig. 4A and 4B). 
These data suggested a role of the Nrf2/HO-1 
signaling pathway in the anti-fibrotic effects of 
tanshinone IIA.

Tanshinone IIA suppresses high glucose 
induced TGF-β1 expression, fibroblast 
proliferation and collagen synthesis via 
Nrf2 signaling
To further verify the role of Nrf2 in the 

anti-fibrotic effect induced by tanshinone 
IIA, Nrf2 small silenced RNA (siRNA) were 
used to determine the role of Nrf2 in the 
effects of tanshinone IIA on high glucose 
induced TGF-β1 expression, cardiac fibroblast 
proliferation and collagen synthesis. Cells 
were transfected with Nrf2 siRNA, followed by 
treatment with 10 μM tanshinone IIA for 12 h 
and then treating the cells with high glucose 
for 24 h. Transfected cells with Nrf2 siRNA 
almost totally blocked the Nrf2 expression 
(data not shown). The levels of TGF-β1 
expression significantly increased under high 
glucose conditions as compared to the normal 
glucose control group (Fig. 5A). However, these 
increases were inhibited by tanshinone IIA. 
In contrast, silencing Nrf2 by siRNA partially 
abolished tanshinone IIA’s effect. As expected, 
tanshinone IIA significantly decreased high 
glucose induced fibroblast proliferation 
and collagen synthesis, which was also partially reversed by Nrf2 siRNA (Fig. 5B and 5C). 
Collectively, these data indicated tanshinone IIA inhibited TGF-β1 pathway activation and 
the proliferation and collagen synthesis of cardiac fibroblasts under high glucose condition 
in an Nrf-2 dependent manner.

Fig. 4. Tanshinone IIA activates Nrf2 signaling 
pathway in cardiac fibroblasts. The relative 
protein expressions of nuclear Nrf2 to PARP, 
and HO-1 to GAPDH were expressed in the bar 
graphs. Results were shown as the mean ± S.E.M. 
(n = 4). *P<0.05 vs. normal glucose control group. 
# indicates a P value < 0.05 compared with the 
high glucose group. (A) Effect of tanshinone IIA 
on Nrf2 translocation. Cells were treated with 
tanshinone IIA (10 μM) or not for 12 h, followed 
by normal glucose (NG) or high glucose (HG) for 
12 h. N, nuclear extract. (B) Quantification of the 
expression of HO-1 was detected by Western blot. 
Cells were pretreated with tanshinone IIA (10 
μM) or not for 12 h, followed by NG or HG for 24 h.
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Figure 4: 
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Fig. 5. Tanshinone IIA inhibits high glucose 
induced TGF-β1 expression, cell proliferation 
and collagen synthesis in cardiac fibroblasts in 
Nrf2 dependent manner. Transfected cells were 
pretreated with 10 μM tanshinone IIA for 12 h 
then cultured in high glucose (HG) medium for 
24 h. Results are expressed as means ± S.E.M. 
(n = 6). * indicates a P value < 0.05 compared 
with the normal glucose (NG) control group. # 
indicates a P value < 0.05 compared with the HG 
group. ǂ indicates a P value < 0.05 compared with 
the tanshinone IIA treatment in control siRNA-
transfected mock HG group. (A) Nrf2 siRNA 
prevents the inhibitory effect of tanshinone IIA on 
HG-induced TGF-β1 expression. (B) Nrf2 siRNA 
prevents the inhibitory effect of tanshinone IIA 
on HG-induced cell proliferation. (C) Nrf2 siRNA 
prevents the inhibitory effect of tanshinone IIA 
on HG-induced collagen synthesis.

Discussion

Cardiac fibrosis is one of the major 
pathological processes in diabetes, 
characterized by the proliferation of cardiac 
fibroblasts and excessive accumulation 
of extracellular matrix proteins within 
the interstices of the myocardium [6]. 
Hyperglycemia (high glucose) is a manifestation 
presented in DM [7]. It has been reported high 
glucose stimulates fibroblast proliferation 
[14], activates the transcription and secretion 
of extracellular matrix proteins [15], and 
transduces fibrogenic signals through ROS 
generation [16]. In addition, pro-inflammatory 
cytokines and chemokines may recruit 
fibrogenic leukocyte subsets in the cardiac 
interstitium. TGF-β induction in diabetic 
hearts may involve the direct actions of high 
glucose [17]. Canonical TGF-β1 signaling 
involves the receptor activated Smad2/3 
proteins (Smad2 and Smad3), which upon 
phosphorylation, translocate to the nucleus 
and act as transcription factors [18]. Activation 
of TGF-β/Smad signaling may activate 
fibroblasts, inducing deposition of structural 
extracellular matrix proteins and matricellular 
macromolecules [7]. In the present study, 
our results indicated high glucose condition 
induced upregulation of TGF-β1 and activation 
of TGF-β1/Smad pathway may be involved in 
high glucose mediated collagen production 
in cardiac fibroblasts. These results indicated 
controlling high glucose may have important 
therapeutic implications in preventing and 
treating diabetic-related cardiac fibrosis.

Tanshinone IIA is the liposoluble active 
ingredient of the traditional Chinese medical 
plant S. miltiorrhiza. Recent studies indicated 
tanshinone IIA may have potent anti-fibrotic 
effects on the pathological fibrosis process in 
different organs [19-21]. It has been reported 
that a tanshinone IIA-containing capsule can 
alleviate the myocardial fibrosis caused by 
streptozocin-induced diabetes in rats with 
high a fat-diet [8], probably by inhibiting the 
proliferation of cardiac fibroblasts [5], and by 
reducing the production of extracellular matrix 
proteins [21]. In another study, tanshinone IIA 
exhibited an antifibrotic effect through reducing 
inflammatory mediators and increasing 
antioxidant enzymes in a rat model of cirrhosis 
[22]. Based on these previously published data, 
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Figure 5: 
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this study further explored the possible mechanisms underlying tanshinone IIA inhibition of 
high glucose-induced fibroblast proliferation and collagen synthesis. In this study, we found 
high glucose led to increase cell proliferation, collagen synthesis, the expression of TGF-β1 and 
Smad2/3 phosphorylation in cardiac fibroblasts, and this observation was consistent with 
the role of TGF-β1 in promoting collagen synthesis, suggesting the presence of the TGF-β1/
Smad signaling pathway in cardiac fibroblasts. As a result, the cell proliferation and collagen 
synthesis in cardiac fibroblasts was attenuated. The results suggested that tanshinone IIA 
deactivated the high glucose-induced TGF-β1/Smad signaling pathway by suppressing the 
expression of TGF-β1 and phosphorylation of Smad2/3, hence, the synthesis of collagen in 
cardiac fibroblasts was correspondingly reduced. Therefore, the results of our present study 
implicates that tanshinone II is a potential target on new drug development against the 
illness of cardiac fibrosis in clinic. Low-dose tanshinone IIA pretreatment (1 μM) had almost 
no impact on the high glucose induced expression of TGF-β1 and Smad2/3 phosphorylation, 
but 10 μM and 30 μM tanshinone IIA pretreatment significantly reduced the high glucose 
induced expression of TGF-β1 and Smad2/3 phosphorylation. These results suggest 
tanshinone IIA may prevent high glucose induced cell proliferation and collagen production 
by inhibiting TGF-β1–Smad2/3 signaling. This mechanism is similar to that demonstrated 
in other previous studies, in which tanshinone IIA prevented myocardial fibrosis [23]. In 
addition, TGF-β1 signal transduction is very complex [18]. TGF-β1 is one of many proteins 
involved in modifying the extracellular matrix [18]. Indeed, the interplay between the 
extracellular matrix, cardiomyocytes, fibroblasts and the key signaling proteins involved 
remains an area of intense research [24]. The results of this study revealed tanshinone IIA 
can inhibit high glucose-induced TGF-β1 expression and Smad2/3 phosphorylation, but the 
precise cellular target of tanshinone IIA remains unclear, and these mechanisms require 
further investigation.

Despite clearly acting as an inhibitor of the high glucose-induced fibroblast proliferation, 
collagen synthesis, and the expression of TGF-β1, tanshinone IIA has been shown to 
demonstrate anti-oxidant [5] and anti-inflammatory effects [4, 25]. It has been suggested 
oxidative stress plays a critical role in inducing cardiac fibrosis in chronic diabetes [11]. ROS 
have been shown to promote the development of fibrosis through activating latent TGF-β [11]. 
As a result, we cannot definitely exclude other potential mechanisms for the effects observed 
in vitro. Whilst we focused upon modification of ROS levels as a mediator of downstream 
high glucose-induced signaling, in this study, we found tanshinone IIA treatment alleviated 
the production of ROS in cultured cardiac fibroblasts. In addition, tanshinone IIA blocked 
high glucose promoted induced cardiac fibroblast proliferation and collagen synthesis 
via inhibition of ROS.  To examine the role of oxidative stress in high glucose-induced 
cardiac fibroblast activation, we treated cardiac fibroblasts with the antioxidant NAC. 
NAC is a thiol-containing radical scavenger and glutathione precursor [26, 27]. Similarly, 
antioxidant treatment using NAC also attenuated high glucose-induced increases in ROS 
production, fibroblast proliferation and collagen synthesis in cultured cardiac fibroblasts. 
These results further strengthen the role of tanshinone IIA as an antioxidant by inhibiting 
oxidative stress. However, whether any antioxidant could have the beneficial effects of 
tanshinone IIA in decreasing high glucose-induced cardiac fibroblast activation remains to 
be examined in future study. On the other hand, Nrf2, a major regulator of the antioxidant 
response elements, has long been known for resisting oxygen-free radicals and reducing 
oxidative stress in alleviating of cardiac fibrosis [28]. Our study shows tanshinone IIA can 
not only ameliorate high glucose-induced oxidative stress, but also effectively promote Nrf2 
translocation to the nucleus, which in turn up-regulated HO-1. Our previous study confirmed 
tanshinone IIA regulates Nrf2 activation and HO-1 expression in vascular endothelial cells 
[4].  The generation of HO-1 has been widely recognized as an effective cellular strategy to 
respond a variety of cellular impacts, such as inflammation and oxidative challenges. The 
HO-1 induced effects may be mediated by multiple functions of HO-1. For example, the anti-
fibrotic effects of HO-1 was reported caused by its degradation of heme, resulting in the 
liberation of equimolar amounts of iron, carbon monoxide (CO) and biliverdin [29]. Although 
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the exact mechanisms involved in anti-fibrotic effects of HO-1 have not been fully elucidated, 
Tanshinone IIA, as confirmed in this study, can induce the expression of HO-1 in cardiac 
fibroblasts, the observed anti-fibrotic effects of tanshinone IIA might be mediated, at least 
in part, by one or more of HO-1 by-products. However, whether inhibition of HO-1 activity 
could block tanshinone IIA-induced anti-fibrotic action to suggest the role of HO-1 on the 
anti-fibrotic effect of tanshinone IIA in cardiac fibroblasts remains to be elucidated.

 Moreover, the impacts of tanshinone IIA on Nrf2 signaling in cardiac fibroblasts under 
high glucose conditions were unclear. In this study, by using an Nrf2 siRNA, we confirmed the 
anti-fibrotic effects of tanshinone IIA on cardiac fibroblasts under high glucose conditions 
were Nrf2 dependent. Nrf2 was dissociated with Keapl following ROS generation and 
translocated into the nucleus to bind the antioxidant response elements, then, initiated the 
transcription of antioxidant genes such as HO-1, superoxide dismutase, and glutathione to 
defend the ROS productions [28]. Interestingly, Nrf2 has been reported to attenuate dystrophic 
muscle fibrosis through inhibiting the TGF-β1/Smad Pathway [30]. The present study used 
siRNA to inhibit Nrf2 expression, and demonstrated Nrf2 silencing significantly increased 
the expression of TGF-β1. Thus, tanshinone IIA activated Nrf2 signaling might reduce 
high glucose-induced cell proliferation and collagen synthesis through direct anti-fibrotic 
effects of Nrf2 and indirect down-regulation of ROS levels. However, the exact molecular 
mechanism of Nrf2 regulation by tanshinone IIA remains unknown and warrants further 
investigation. Diabetes-associated cardiac fibrosis is a severe cardiovascular pathological 
change. This study demonstrated Tanshinone IIA could inhibit fibroblast activation in cell 
study. While these results are promising, a lot more work needs to be done in elucidating 
the signal pathways involved in the action of tanshinone IIA on these cells. Moreover, in vivo 
experiments in animal models are essential to establish the validity of these in vitro results 
in the future.

Conclusion

Based on this study and studies published by other groups, we propose tanshinone IIA 
via Nrf2 activation can partially block intracellular TGF-β1 signal transduction and inhibit 
the proliferation and collagen synthesis in cardiac fibroblasts. In this way, tanshinone IIA 
reduces collagen synthesis and TGF-β1 expression induced by high glucose, suggesting it 
may have some clinical application in preventing and treating diabetic myocardial fibrosis. 
In conclusion, our study demonstrated tanshinone IIA attenuates high glucose induced 
collagen synthesis, and it seems the anti-fibrotic effects of the tanshinone IIA, at least in 
part, occur by reducing the expression of the profibrogenic cytokine TGF-β1 and inhibiting 
TGF-β1–Smad2/3 signaling. These findings suggested tanshinone IIA might have therapeutic 
potential in treating diabetes-induced cardiac fibrosis.
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