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Abstract: Sodium tanshinone IIA sulfonate (STS), a water-soluble derivative of tanshinone IIA, has been used in
traditional Chinese medicine for many years. Many experiments have demonstrated that STS has anti-inflammatory,
anti-apoptosis and angiogenesis effects. However, it is unclear whether STS has the same beneficial effects on myo-
cardial infarction in vivo. The aim of our experiments was to investigate whether STS could improve cardiac function
and prevent myocardial remodeling after myocardial infarction (MI) in mice. The Ml model was established by surgi-
cal ligation of the left anterior descending (LAD) coronary artery. Then the mice were randomly divided into STS and
untreated groups. The results of treatment for 3 weeks showed that STS could increase the survival rate, reduce
the release of some inflammatory cytokines, inhibit cell apoptosis and promote angiogenesis. The study presents a

new potential treatment method for ischemic heart disease.

Keywords: Sodium tanshinone IIA sulfonate, myocardial infarction, anti-inflammation, anti-apoptosis, angiogenesis

Introduction

Myocardial infarction (MI) is one of the most
frequent causes of mortality and morbidity.
Although the death rate of Ml has declined, the
burden of the disease remains high [1]. An
acute MI can produce changes that may result
in alterations of cardiac hemodynamics, dete-
rioration of diastolic and systolic function, and
a propensity for arrhythmias in the topography
of the ventricle. This remodeling can enormous-
ly affect cardiac function and prognosis for sur-
vival [2, 3]. Most patients that survive acute Ml
inevitably suffer from heart failure (HF) caused
by myocardial remodeling, and patients with
acute Ml have a high risk of dying after hospital
discharge [4, 5]. In conclusion, it is necessary
to search for effective therapies to prevent
myocardial remodeling after M.

Salvia miltiorrhiza Bunge (known as Danshen in
China) is a traditional Chinese medicine that
has been widely used to treat cardiovascular
disease, cerebrovascular disease and tumors
[6]. One of its key bioactive components, sodi-
um tanshinone lIA sulfonate (STS), is a water-

soluble derivative isolated from Salvia miltior-
rhiza Bunge. STS has been reported to possess
various medical effects, such as dilating the
coronary arteries and anti-inflammatory, anti-
apoptosis, and anti-oxidation properties [7]. In
recent years, STS has been proven to have a
beneficial effect on impaired nerve functions
and diabetic neuropathy [8]. Furthermore, it
also has cardioprotective effects, such as
preventing the toxicity induced by myocardial
ischemia/reperfusion injury and radiation [9,
10]. The probable mechanism underlying the
protective effects of STS has been deduced
as reducing oxidative stress-triggered damage
and apoptosis [11]. However, it is unknown
whether STS can protect myocardial cells
through other mechanisms.

Previous studies have proven that myocardial
fibrosis, inflammation and apoptosis play im-
portant roles in the process of myocardial
remodeling after Ml [12]. It has been demon-
strated that tumor necrosis factor alpha (TNF-
«), interleukin 1 beta (IL-1B) and transforming
growth factor beta (TGF-3) are essential factors
for the pathogenesis of myocardial remodeling.
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Suppressing the release of these factors is a
valid approach to reduce the progression of
myocardial remodeling [13, 14]. Otherwise,
some reports have proven that therapeutic
angiogenesis is an effective method for isch-
emic heart disease. A variety of growth factors,
such as vascular endothelial growth factor
(VEGF), have important effects on enhancing
angiogenesis [15, 16]. Alpha smooth muscle
actin (a-SMA) and platelet endothelial cell
adhesion molecule-1 (PECAM-1/CD31) are
markers of vascular endothelial cells [17-19].
Several studies have demonstrated that STS
has anti-apoptotic, anti-inflammatory, anti-oxi-
dative stress and angiogenesis promoting
effects in vitro [20-22]. In our study, we used a
mouse model of continuous myocardial isch-
emia by ligating of the left anterior descending
(LAD) coronary artery to investigate whether
treatment with STS could improve cardiac
function, promote angiogenesis and attenuate
myocardial remodeling in vivo after MI.

Materials and methods
Animals

C57BL/6J male mice (weighing 20-25 g, aged 8
weeks) were purchased from the Nanjing
Medical University Animal Center. The study
was performed in accordance with the Nanjing
Medical University Animal Center guide for the
care and use of Laboratory Animals and was
approved by the Ethics Committee for Lab
Animal Use of Nanjing Medical University
(Permit Number: IACUC-1707002).

Mouse model of myocardial infarction

The mouse model of continuous myocardial
ischemia was established according to previ-
ous description [23]. Briefly, anesthesia was
induced by an intraperitoneal injection of pen-
tobarbital sodium (50 mg/kg) prior to surgery.
The mice were intubated and connected to a
ventilator to maintain normal respiration. Then,
a left thoracotomy was performed to expose
the heart. Ml was induced by surgical ligation of
the LAD coronary artery by an 8-0 polypropyl-
ene suture passed approximately 2-3 mm from
the inferior margin of the left auricle. The suc-
cessful induction of MI was confirmed based
on the observation of the pale color of the ante-
rior portion of the left ventricle and electrocar-
diogram (ECG) ST-segment elevation. The tho-
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rax was closed by surgical sutures. Sham oper-
ations were done by the same method but with-
out ligating the LAD coronary artery.

Sodium tanshinone IIA sulfonate (STS)

STS was purchased from Aladdin Biochemical
Technology Co. Ltd. (Shanghai, China, purity
>98%). The operated mice as described above
survived for 3 hours were randomized to treat-
ment with STS (30 mg/kg/d, intraperitoneal
injection, n=20) or vehicle alone (n=20) for 3
weeks. Sham-operated mice were also given
the vehicle (n=10). Mice were sacrificed by car-
bon dioxide at 3 weeks after ligation.

Echocardiography measurement

The cardiac structure and function were evalu-
ated by echocardiography with a Vevo 2100-a
high resolution imaging system (Visual Sonics,
Canada) with a MS-250 and 16.0-21.0 MHZ
imaging transducer at baseline, week 1 and
week 3. All mice were anesthetized by isoflu-
rane before echocardiography examination.

Histopathology

To evaluate the morphological changes and
the extent of cardiac fibrosis, the hearts were
harvested at 21 days after MI, washed in PBS
and fixed in 4% paraformaldehyde overnight
and embedded in paraffin. Each heart was cut
into 4-um-thick sections and stained with
hematoxylin and eosin (HE) and Masson tri-
chrome. Each section was imaged by a micro-
scope (Nikon, Japan).

Immunohistochemistry staining

For immunohistochemistry staining, paraffin
embedded myocardial samples were dewaxed
and rehydrated in xylene and ethyl alcohol fol-
lowed by incubation in 0.3% methanol/H,0,
to block endogenous peroxidases. Antigen re-
trieval was performed by boiling the slides in
a 10 mM citrate pH 6.0 solution for 20 min
using a microwave oven. Next, sections were
incubated overnight at 4°C with the primary
antibodies. Atwo-step technique (SuperPicture-
TM3 Gen IHC Detection kit; Invitrogen, CA,
USA) was used for visualization, with 3,3’-diami-
nobenzidine (DAB, 0.1 mg/ml, 0.02% H,0,)
(Vector Laboratories, Burlingame, USA) as a
chromogen and sections were counterstained
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Figure 1. STS improved survival rate and cardiac function in MI mice. A. Sur-
vival rates within 3 weeks after Ml of the sham, untreated and STS groups. B.
Representative M-mode echocardiographic images of mice before ligation,
and 3 weeks after Ml in each group. C. Analysis of LVEF and LVFS at 7 days
and 21 days after Ml in each group. *P<0.05 compared to the untreated
group, ++P<0.01 compared to the sham group, n=10 per group.

Technology, USA). The mem-
branes were then incubated
with HRP-conjugated second-
ary antibodies (1:5000; Ab-
cam, USA) at room tempera-
ture for 2 hours. The antigen-
antibody complexes were de-
tected by using a Super Sig-
nal ECL kit (Thermo, USA) in a
Western blotting detection sy-
stem (Bio-Rad, CA, USA). The
results were expressed as
density values normalized to
GAPDH.

TUNEL staining

The TUNEL protocol was bas-
ed on TUNEL detection Kkit.
Pretreatment of the myocardi-
um was the same as for HE
staining. The fixed tissues
were embedded in paraffin
and 4-um-thick sections were
deparaffinized by washing in
xylene and a descending etha-
nol series. The sections were
subsequently incubated with
20 pg/mL proteinase K for 30
min at 37°C, and endogenous

with hematoxylin. We used average optical den-
sity (AOD) to quantify the expression level.
Primary antibodies for immunohistochemistry
were as follows: TGF-B, TNF-a, IL-13 (Abcam,
USA), Bcl-2, Bax, o-SMA, CD31, VEGF (Cell
Signaling Technology, USA).

Western blotting analysis

Total protein in vivo was obtained from left
ventricular myocardial tissues. After centrifuga-
tion, they were followed by sonication and heat
denaturation. A total of 20 ug protein lysates
were electrophoresed, separated on 6-12%
SDS-PAGE and transferred onto nitrocellulose
membranes (Bio-Rad, Hercules, USA). The
membranes were blocked with 5% skim milk at
room temperature for an hour, and then
incubated over night at 4°C with primary anti-
bodies including rabbit anti-Bcl-2 (1:1000; Cell
Signaling Technology, USA), rabbit anti-Bax
(1:1000; Cell Signaling Technology, USA and
rabbit anti-GAPDH (1:1000; Cell Signaling
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peroxidase was inactivated by

3% H,0, in methanol for 10
min. They were incubated with 50 uL of a TUNEL
reaction mixture on the section for 60 min at
37°C, and then 50 pL converter-POD was
added to the sample for 30 min at 37°C. For
color development, sections were supplement-
ed with 50 pyL DAB substrate for 10 min at room
temperature to detect labeled nuclei, and then
counterstained by hematoxylin. For each slide,
10 separate fields were examined randomly
and digitized by microscopy at a magnification
of 400x%. The apoptotic index (Al) was calculat-
ed as the ratio of TUNEL-positive cells to the
total number of myocytes. Apoptotic index =
apoptosis cell number/1000 cells*100%.

Oxidative stress index

After the specimens were cut, the weights were
recorded, and then the specimens were placed
into a homogenate editor. A specific amount of
precooling PBS or saline was added, and the
specimens were homogenized at 4°C, 2000-
3000 r/min, 20 min; the supernatant was then
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Figure 2. STS improved myocardial pathological changes in MI mice. A. Representative illustration of hematoxylin
and eosin staining of infarcted mouse hearts. These photos demonstrated the intense inflammatory response and
myocardial cells arranged irregularly after MI. B. Representative images of Masson'’s trichrome-staining infarcted
hearts in mice. Blue represents region with replacement fibrosis.

carefully collected. According to the instruc-
tions of the superoxide dismutase (SOD), gluta-
thione (GSH), and malondialdehyde (MDA) test-
ing Kit, their absorbance was detected and
recorded, and the concentrations of SOD, MDA
and GSH were calculated.

Statistical analysis

Data from at least three independent experi-
ments were used to calculate the mean + stan-
dard deviation (SD) using SPSS 18.0 statistical
software. The overall survival of mice after Ml
was evaluated using Kaplan-Meier curves sur-
vival analysis and compared by the log-rank
test. Statistical analyses between groups were
performed by unpaired Student’s t-test or one-
way ANOVA followed by a post hoc Fisher’'s com-
parison test. A value less than 0.05 was consid-
ered to be statistically significant.

Results

STS improved survival rate and cardiac func-
tion in MI mice

The survival rate of the STS-treated group was
82% after MI, while that of the untreated group
was 56% (Figure 1A). Postmortem examination
showed that the main reason for death was
heart failure. At 1 week and 3 weeks after M,
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the echocardiography showed that treatment
with STS promoted the motion of the left ven-
tricular anterior wall, LVEF and LVFS compared
with the untreated group (Figure 1B and 1C).

STS improved myocardial pathological chang-
es in Ml mice

After 3 weeks, HE staining showed that abun-
dant inflammatory cells infiltrated in the border
zones, and the myocardial cells were arranged
irregularly in the untreated group. However, in
the STS-treated group, most myocardial cells
were arranged in an orderly manner, and the
area of inflammatory infiltration was smaller
(Figure 2A). Masson staining demonstrated
that fibrosis and collagen deposition signifi-
cantly decreased in the STS group compared
with those of the untreated group (Figure 2B).

STS reduced the release of inflammatory cyto-
kines in MI mice

Immunohistochemical staining and quantita-
tive analysis showed that the expression levels
of TNF-a, IL-1B and TGF-B were much higher in
the untreated group compared with those
in the sham-operated group. The expression
levels of these inflammatory cytokines were
decreased after STS treatment (Figure 3A and
3B). This indicated that STS might reduce the
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Figure 3. STS reduced the release of inflammatory cytokines in Ml mice. A. Immunohistochemical staining for TNF-«,
IL-1B and TGF-B in the sham, untreated and STS groups. B. Quantitative analysis of TNF-a IL-13 and TGF-B expres-
sion in each group. *P<0.05 compared to the untreated group, ++P<0.01 compared to the sham group.

release of inflammatory cytokines caused by
MI.

STS increased resistance to oxidative stress in
MI mice

To explore the mechanism underlying the anti-
oxidant effect of STS, we evaluated the expres-
sion levels of SOD, GSH and MDA in cardiac tis-
sue homogenates. The results showed that the
levels of SOD and GSH increased in the STS
group compared with those in the untreated
group (Figure 4A and 4B), and the MDA level in
the STS group was lower than that in the
untreated group (Figure 4C).
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STS resisted myocardial apoptosis in MI mice

Immunohistochemistry and Western blotting
were used to determine the apoptosis process.
Immunohistochemistry showed TUNEL-positive
apoptotic cardiomyocytes exhibiting brown
nuclei staining (Figure 5A). The apoptotic index
of the untreated group was significantly higher
than in the sham-operated group. The number
of TUNEL-positive cells in the STS group was
lower compared with that in the untreated
group (Figure 5B). We determined the expres-
sions of the apoptosis related proteins Bax and
Bcl-2 by immunohistochemistry and Western
blotting. The expression of Bcl-2 was signifi-
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Figure 4. STS increased resistance to oxidative stress in MI mice. The concentrations of SOD (A), GSH (B) and MDA
(C) in cardiac tissue homogenates were determined by spectrophotometry in each group. *P<0.05 compared to the
untreated group, ++P<0.01 compared to the sham group.
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Figure 5. STS resisted myocardial apoptosis in Ml mice. (A) Representative photomicrographs of TUNEL staining in
each group at 3 weeks after MI. TUNEL-positive cells exhibited brown nuclei staining. (B) The cardiomyocyte apop-
tosis index was significantly lower in the STS treated group than that in the untreated group. Immunohistochemical
staining for Bcl-2 (C) and Bax (D) in the sham, untreated and STS groups. (E) Western blotting analysis of protein ex-
pressions of Bcl-2 and Bax in each group. Densitometry for Bcl-2 (F) and Bax (G) normalized to GAPDH. (H) Analysis
of the ratio between Bcl-2 and Bax in each group. *P<0.05 compared to the untreated group, **P<0.01 compared
to the untreated group, ++P<0.01 compared to the sham group.
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Figure 6. STS promoted angiogenesis in MI mice. Immunohistochemical staining for VEGF (A), CD31 (C) and a-SMA
(E) in the sham, untreated and STS groups. (B) Quantitative analysis of VEGF expression by AOD in each group.
Quantification of a-SMA-positive vessels (D) and CD31-positive vessels (F) in a 200x high-power field in each group.
**P<0.01 compared to the untreated group, ++P<0.01 compared to the sham group.

cantly increased in the STS group compared
with that in the untreated group (Figure 5C, 5E
and 5F), while the expression of Bax in the STS
group was significantly lower than in the
untreated group (Figure 5D, 5E and 5G). The
Bcl-2/Bax ratio increased in the STS group
compared with that in the untreated group
(Figure 5H).

STS promoted angiogenesis in Ml mice

As shown in Figure 6A and 6B, the expression
of VEGF in the STS group was significantly high-
er than that in the untreated group. a-SMA-
positive and CD31-positive vessels were also
detected by immunohistochemistry staining.
The vascular density in the STS group in
the 200x high power field was significantly
increased compared with that in the untreated
group (Figure 6C-F).
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Discussion

In this study, we observed that treatment with
STS could increase the survival rate, enhance
heart function and increase anti-oxidant stress
in mice after MI. STS could alleviate the pro-
gression of myocardial remodeling by attenuat-
ing inflammatory release, myocardial fibrosis
and apoptosis. Decreasing the expressions of
TNF-a, IL-1B, TGF-B, Bax, and MDA and increas-
ing the expressions of Bcl-2, SOD, and GSH
might be the potential mechanisms. Otherwise,
STS could increase the expression of VEGF and
vascular density. The potential mechanisms
might be associated with the downregulated
expressions of TGF-B3, TNF-a, IL-13, and Bax and
the upregulated expression of Bcl-2 to amelio-
rate myocardial ischemia and enhance cardiac
repair. These results indicate that STS could be
an effective drug to prevent myocardial remod-
eling after Ml.

Am J Transl Res 2019;11(1):351-360
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After MI, the increased oxidative stress and
inflammatory cytokines, such as TNF-«, IL-13
and TGF-B, play crucial roles in the process
of myocardial remodeling and fibrosis [24].
Moreover, oxidative stress can promote the
release of inflammatory cytokines. The overex-
pression of inflammatory cytokines leads to
cardiac hypertrophy and myocardial remodel-
ing and then heart failure [25, 26]. It has been
proven that STS has anti-inflammatory and
anti-fibrotic effects in some studies [27, 28]. In
our research, the expression of inflammatory
mediators increased after MI, and STS treat-
ment could decrease the expression of TNF-q,
IL-1B8, and TGF-B. Meanwhile, STS promoted
anti-oxidant stress by decreasing the MDA level
and increasing the SOD and GSH levels. Our
data indicate that STS treatment may reduce
myocardial remodeling via anti-inflammatory,
anti-fibrotic and anti-oxidant stress.

Apoptosis plays an important role in fundamen-
tal biological functions such as growth, differ-
entiation, immunity and death. Excessive apop-
tosis may be associated with the pathogenesis
of myocardial infarction and heart failure [29].
Consistently, apoptotic cells in our study were
found to be prominent after MI. Our results also
prove that STS treatment can reduce apoptosis
in Ml mice. The underlying mechanism might
include the increased expression of Bcl-2 and
the suppressed expression of Bax. Aggrandizing
the Bcl-2/Bax ratio has been confirmed to be
important in the regulation of cell apoptosis
[30]. Our research correlates well with previous
studies and further proofs the anti-apoptotic
effects of STS in infarct expansion during LV
remodeling after MI.

Therapeutic angiogenesis is a new potential
treatment for ischemic cardiovascular disease
[31]. VEGF, one of the most important angio-
genic growth factors, plays a vital role in pro-
moting angiogenesis and collateral vessel
formation [32]. The release of VEGF after Ml
may improve collateral circulation thus decreas-
ing infarction size and leading to a prominent
improvement of cardiac function [33, 34]. In
our study, the vascular density in the STS group
was significantly higher than that in the untreat-
ed group, in line with the expression of VEGF.
These data indicate that STS may contribute to
angiogenesis.

Our research comprehensively expounds the
effects of STS in improving the prognosis of
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mice after MIl. We demonstrate that STS can
improve cardiac function and enhance cardiac
repair through anti-inflammatory, anti-apopto-
sis, anti-oxidation and pro-angiogenesis effe-
cts. However, this is a preliminary study and fur-
ther in-depth studies are warranted to obtain
the specific mechanisms of STS in anti-inflam-
mation, anti-apoptosis, anti-oxidation and pro-
angiogenesis.

In conclusion, our study found that STS could
ameliorate cardiac function and myocardial
remodeling after Ml by suppressing inflamma-
tion, apoptosis, and oxidative stress and pro-
moting angiogenesis. Therefore, STS could
become a promising and effective drug for the
treatment of MI.
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