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Sodium tanshinone IIA sulfonate protects rat 
myocardium against ischemia-reperfusion injury via 
activation of PI3K/Akt/FOXO3A/Bim pathway
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Aim: To investigate the mechanisms underlying the protective effects of sodium tanshinone IIA sulfonate (STS) in an ischemia-
reperfusion (I/R)-induced rat myocardial injury model.
Methods: Male SD rats were iv injected with STS, STS+LY294002, or saline (NS) for 15 d. Then the hearts were subjected to 30 min 
of global ischemia followed by 2 h of reperfusion. Cardiac function, infarction size and area at risk were assessed. Cell apoptosis was 
evaluated with TUNEL staining, DNA laddering and measuring caspase-3 activity. In addition, isolated cardiomyocytes of neonatal rats 
were pretreated with the above drugs, then exposed to H2O2 (200 μmol/L) for 1 h. Cell apoptosis was detected using flow cytometric 
assay. The levels of p-Akt, p-FOXO3A and Bim were examined with immunoblotting.
Results: Compared to NS group, administration of STS (20 mg/kg) significantly reduced myocardial infarct size (40.28%±5.36% in STS 
group vs 59.52%±7.28% in NS group), and improved the myocardial function as demonstrated by the increased values of dp/dtmax, 
LVDP and coronary flow at different reperfusion time stages. Furthermore, STS significantly decreased the rate of apoptotic cells 
(15.11%±3.71% in STS group vs 38.21%±7.83% in NS group), and reduced caspase-3 activity to nearly a quarter of that in NS group. 
Moreover, STS significantly increased the phosphorylation of Akt and its downstream target FOXO3A, and decreased the expression of 
pro-apoptotic gene Bim. Co-treatment with the PI3K inhibitor LY294002 (40 mg/kg) partially countered the protective effects induced 
by STS treatment. In isolated cardiomyocytes, STS exerted similar protective effects as shown in the ex vivo I/R model.
Conclusion: STS pretreatment reduces infarct size and improves cardiac function in an I/R-induced rat myocardial injury model via 
activation of Akt/FOXO3A/Bim-mediated signal pathway.
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Introduction
Myocardial ischemia-reperfusion (I/R) injury is a major com-
plication that occurs during heart attack, cardiopulmonary 
bypass surgery, and heart transplantation[1], which ultimately 
leads to an irreversible fatal injury.  Apoptosis plays a cru-
cial role in cardiac dysfunction following acute myocardial 
infarction[2].  Various strategies aimed at preventing or miti-
gating the extent of apoptosis have been attempted to protect 
the heart against I/R injury.  However, all attempts to date 
have exhibited limited efficacy.  Developing new therapies for 

myocardial I/R injury represents an urgent and significant 
research interest[3].

Apoptotic cell death can be induced by ischemia alone due 
to a lack of oxygen supply, and reperfusion accelerates the 
apoptotic death process that is initiated during the preced-
ing ischemic period[4].  Thus, studies have suggested that the 
apoptotic component of cell death is either triggered or accel-
erated during the reperfusion phase[5].  I/R has been shown to 
activate the pro-survival PI3K/Akt kinase signaling cascades, 
which have been implicated in cellular survival, through their 
recruitment of protective anti-apoptotic proteins.  The serine/
threonine-specific protein kinase Akt [also known as protein 
kinase B) is a potent survival factor and is one of the primary 
kinases that is activated by PI3K, which, in turn, is activated 
by several myocardial protective ligand-receptor systems, 
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including insulin and angiotensin II.  Important downstream 
targets of Akt are members of the FOXO subfamily of fork-
head transcription factors.  This FOXO subfamily includes 
at least the following three members: FOXO1, FOXO3A, and 
FOXO4, all of which can be inactivated by Akt-dependent 
phosphorylation[6].  Among these three FOXO members, 
FOXO3A regulates cellular apoptosis by inducing the pro-
apoptotic gene Bim in cancer cells, neurons, and endothelial 
progenitor cells[7, 8].  Weston et al[9] demonstrated that the inhi-
bition of the PI3K/Akt pathway resulted in an increase in Bim 
expression, implying that by phosphorylating Akt, the activa-
tion of the PI3K-Akt pathway exerts an inhibitory influence on 
Bim expression, thereby preventing apoptosis.  

Sodium tanshinone IIA sulfonate (STS)[10] is a water-soluble 
derivative of tanshinone IIA[11, 12], which is a major lipophilic 
component that is extracted from the root of the Salvia miltior-
rhiza (Fam Labiatae) plant.  This plant is well-known in tradi-
tional Chinese medicine and is used for the treatment of vari-
ous cardiovascular diseases, such as myocardial infarctions 
and coronary heart disease.  Recent studies[13, 14] have revealed 
that STS elicits protective effects on cardiomyocytes against 
oxidative stress-mediated apoptosis in preclinical experiments.  
Hence, the cardioprotective effect of STS may represent thera-
peutic potential for clinical applications.  

Given the cardioprotective effect of the PI3K/Akt pathway 
in the I/R rat model, we hypothesized that the cardioprotec-
tive effect of STS might involve the activation of the PI3K/Akt 
pathway.  Therefore, the aims of this study were to: investi-
gate the cardioprotective effect of STS against myocardial I/R 
injury in the rat heart and: to identify whether the underlying 
protective mechanisms are associated with the Akt/FOXO3A/
Bim-mediated apoptosis pathway both in vivo and in vitro.  

Materials and methods
Animal maintenance and treatment
All procedures and studies in this article were in compliance 
with the “Guide for the Care and Use of Laboratory Animals” 
prepared by the National Academy of Science and published 
by the US National Institutes of Health (Publication No 85-23, 
revised 1996).  The experimental protocol was approved by 
the Committee on Animal Experiments of Zhejiang Univer-
sity School of Medicine.  Male Sprague-Dawley rats weighing 
between 250 and 300 g were obtained from the Experimental 
Animal Center of Hangzhou, Zhejiang Province (China) and 
were allowed free access to laboratory chow and tap water in 
day-night quarters at 25 °C .  

The rats were randomized into the following three groups, 
which included eight animals each: (1) I/R rats pretreated 
with saline (NS group); (2) I/R rats pretreated with STS at a 
dose of 20 mg/kg (STS group); and (3) I/R rats co-pretreated 
with 20 mg/kg STS and 40 mg/kg PI3K inhibitor LY294002 
(STS+LY294002 group).

STS treatment
STS was obtained from the Department of Pharmacology, 

Zhejiang University of Traditional Chinese Medicine.  It was 
dissolved in PBS at a concentration of 10 mg/mL and was 
prepared freshly every day.  Each animal received intravenous 
injection of STS once per day at the same time.  After 15 d of 
injections, the ex vivo ischemic induction and isolation of the 
hearts were performed.  

PI3K activity inhibition 
To investigate the role of the PI3K/Akt pathway in myocardial 
I/R-induced apoptosis, a specific PI3K inhibitor was injected.  
The inhibitor, LY294002, was purchased from BIOMOL 
Research Laboratories (Plymouth Meeting, PA) and dissolved 
in DMSO and PBS.  LY294002 (40 mg/kg dissolved in 25% 
dimethylsulfoxide and diluted 1:10 in PBS) was administered 
intravenously in the tail vein at 30 min prior to the ischemia 
and reperfusion processes.

Isolated working heart preparation
The isolated myocardial I/R model was established as previ-
ously described[15].  Briefly, the rats were anesthetized using 
pentobarbital sodium (80 mg/mL ip) and a heparinized 0.9% 
saline solution (500 IU/kg per day, iv).  After a sufficient 
depth of anesthesia, thoractomy was performed, and the 
hearts were perfused in the retrograde Langendorff mode at 
37 °C at a constant perfusion pressure of 100 cmH2O (10 kPa) 
for 5 min washout period.  A modified Krebs-Henseleit bicar-
bonate buffer (KHB), containing (in mmol/L) 118 NaCl, 4.7 
KCl, 1.7 CaCl2, 25 NaHCO3, 1.2 KH2PO4, 1.2 MgSO4, and 10 
glucose, was used in this perfusion buffer.  The Langendorff 
preparation was switched to the working mode following the 
washout period, as previously described[16, 17].  The working 
mode was performed by switching the flow from the aortic 
root to the left atrium with a constant preload of 17 cmH2O 
and an afterload of 100 cmH2O[16, 17].  After reaching a steady-
state of cardiac function, the baseline functional parameters 
were recorded.  The circuit was then switched back to the 
retrograde mode, and the hearts were perfused for 15 min 
with KHB buffer.  Next, the hearts were subjected to global 
ischemia for 30 min followed by 2 h of reperfusion.  The first 
10 min of reperfusion were performed in the retrograde mode 
to allow for postischemic stabilization.  Subsequently, the rep-
erfusion was performed in the anterograde-working mode to 
allow for the assessment of functional parameters, which were 
recorded at 30, 60, 90, and 120 min of reperfusion.

Determination of cardiac function
Aortic pressure was measured using a pressure transducer 
(Micro-Med, USA) connected to a sidearm of the aortic can-
nula, and the signal was amplified using a Heart Performance 
Analyzer (model 400; Micro-Med, USA).  The heart rate (HR), 
the first derivative of developed pressure (dp/dt) and the 
left ventricular developed pressure (LVDP; systolic pressure 
minus the end-diastolic pressure in mmHg) were all derived 
or calculated from the continuously obtained pressure signal.  
Coronary flow (CF) was measured by a timed collection of the 
coronary effluent dripping from the heart.
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Estimation of infarct size and area at risk
At the end of reperfusion, a 1% (w/v) solution of triphenyl tet-
razolium chloride (TTC) in phosphate buffer was infused into 
the aortic cannula at 37 °C.  The hearts were quickly excised 
and stored at -70 °C.  Sections of frozen heart were fixed in 
10% formalin, placed between two cover slips, and digitally 
imaged using a Epson scanner.  The infarcted area remained 
unstained, whereas the non-infarcted area stained red.  Nega-
tively stained areas indicated infarcted myocardium.  Next, 
the coronary arteries were retied at the site of previous occlu-
sion, and the hearts was perfused with a 2% solution of Evans 
blue dye to delineate the ischemic area (area at risk).  The areas 
of infarcted, ischemic and non-ischemic myocardium were 
measured and calculated using NIH image analysis software, 
and from these measurements, the infarcted size (IS) was cal-
culated as a percentage of the area at risk (AAR).  The AAR 
was expressed as a percentage of the left ventricles (LVS).

Histological examination
The frozen left ventricle fixed by formalin were then embed-
ded in paraffin and cut into transverse sections at a thickness 
of 6 μm, with a routine follow-up procedure.  The sections 
were stained with hematoxylin and eosin for light microscopic 
examination.  An observer that was blinded to the experimen-
tal conditions of animals recorded the data.

Determination of cardiomyocyte apoptosis and caspase-3 activity
The terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end-labeling (TUNEL) assay was performed, 
according to the manufacturer’s protocols (Roche, Switzer-
land).  The cells exhibiting clear nuclear labeling were defined 
as TUNEL positive cells.  For each slide, the color images of 
10 separate fields were captured randomly and digitized.  The 
numbers of TUNEL positive cells in each group were counted 
separately using ImageJ software.  

The caspase-3 activity was measured using ApoAlert Cas-
pase-3 Assay Plate (Clontech, Mountain View, CA, USA), 
according to the manufacturer’s protocols.  Substrate cleavage 
was monitored fluorometrically using a SpectraMax Gemini 
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) 
at excitation and emission wavelengths of 350 and 450 nm, 
respectively.

Subcellular cytoplasmic and mitochondrial fractionation 
For subcellular fractionation, cell lysates were produced using 
a glass tissue grinder (Wheaton, Millville, NJ, USA).  The 
lysates were centrifuged at 750×g for 10 min at 4 °C and sub-
sequently at 8000×g for 20 min at 4 °C.  The resulting pellets 
were used to obtain the mitochondrial fraction.  The superna-
tant was centrifuged further at 100 000×g for 60 min at 4 °C and 
was used for the analysis of the cytosolic fraction.

Quantitative real-time PCR for detection of Bim mRNA 
Total RNA was isolated from the left ventricles by TRIZOL 
(Gibco-BRL, USA), according to the manufacturer’s proto-
cols, and its quality was evaluated on a 1% denaturing aga-

rose gel to ensure the presence of the 28S and 18S ribosomal 
bands.  The total RNA concentrations were determined by 
spectrophotometry.  A total of 1 μg of RNA was incubated in 
a reverse transcription mixture at 42 °C  for 50 min, followed 
by PCR amplification using the specific primers (synthe-
sized by Invitrogen Company, USA).  The following primers 
were used: Bim FW: 5’-CCCCTACCTCCCTACAGACA-3’, 
RV: 5’-GACGGAAGATGAATCGTAACAG-3’; GAPDH 
FW: 5’-ATCCGTTGTGGATCTGACATG-3’, RV: 5’-TGGTC-
CAGGGTTTCTTACTCC-3’.  The PCR conditions were 95 °C 
for 15 s followed by 30 cycles of amplification consisting of 
95 °C for 5 s and 60 °C for 30 s.  The reactions were performed 
in triplicate, and the results were averaged.  Each value was 
normalized to GAPDH mRNA levels to control for variations 
in the amount of input cDNA.  The relative expression levels 
of the genes compared with the control group were calculated 
using the 2∆∆Ct method.

Extraction of protein and Western blot assay
Freshly frozen myocardial tissue samples were homogenized 
in RIPA lysis buffer, and centrifuged to extract the total pro-
tein.  The Bradford assay (Bio-Rad Laboratories, USA) was 
used to quantify protein concentrations.  Total protein (50 
μg) was separated on 12% SDS-PAGE gels and transferred 
to nitrocellulose filter membranes.  Primary antibodies 
against Akt, phosphorylated Akt (p-Akt), FOXO1, p-FOXO1, 
FOXO3A, p-FOXO3A, FOXO4, p-FOXO4, cytochrome c, and 
Bim (Abcam, UK) were used at an appropriate dilution ratio, 
followed by peroxidase-coupled secondary antibodies (Sigma, 
USA, 1:10 000).  The blots were visualized by enhanced chemi-
luminescence system using an ECL kit (Roche, USA).  The sig-
nals were quantified by densitometry using imaging software 
(BioSens Digital Imaging 5, Shanghai Bio-Tech Inc, Shanghai, 
China).

Neonatal rat cardiac cell cultures
Cardiac cells were isolated from 1-to-3-d-old neonatal Wistar 
rats and were cultured as previously described[18].  Briefly, the 
rats were sacrificed and their hearts were excised.  After scal-
pel homogenization, the heart tissue samples were incubated 
in 0.25% (w/v) trypsin overnight at 4 °C after treatment with 
0.1% (w/v) collagenase for 20 min at 37 °C.  Cardiomyocytes 
were enriched by centrifugation and plated in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% 
(v/v) fetal calf serum at 37 °C and 5% (v/v) CO2 for 72 h.  The 
cardiomyocytes were allowed to adhere overnight in serum-
deprived medium prior to treatment.

Drug treatment and cardiomyocyte injury induced by exposure to 
H2O2

To evaluate the protective effects of STS, cells were pretreated 
for 12 h with 3 µg/mL STS alone or 3 µg/mL STS and 10 
µmol/L LY294002 at 1×106 cells/well in six-well plates, and 
washed twice with D-Hank’s solution prior to the addition of 
H2O2.  The cardiomyocytes were then exposed to 200 µmol/L 
H2O2 for 1 h[19].  The control cells were also incubated under 
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identical conditions.

Flow cytometric analyses for apoptosis
Apoptotic cells were detected by annexin V and 7-AAD 
double-labeling following the manufacturer’s protocol, as 
previously described[18].  Briefly, cells were harvested at the 
indicated time periods, washed twice with cold phosphate-
buffered saline (PBS), and then re-suspended in 500 µL bind-
ing buffer.  Next, the cells were stained with 5 µL of annexin 
V-fluorescein isothiocyanate (FITC) and 5 µL of 7-AAD for 15 
min at room temperature in the dark.  Flow cytometry (BD 
FACSAria II) was used to assess the percentage of cell apopto-
sis.

Statistical analysis
The results were analyzed using the SPSS statistical pack-
age (ver 12.0; IBM, USA) and are presented as the mean 
values±SEM.  The data were compared using Tukey’s honest 
significance test and a one-way analysis of variance (ANOVA).  
P-values <0.05 were considered statistically significant.

Results
Protective effects of STS on myocardial function 
To evaluate the protective effects of STS on heart against 
ischemic injury, we established a rat model of in vitro global 
I/R.  As shown in Figure 1A, pre-treatment with STS signifi-
cantly reduced the myocardial infarction sizes after I/R com-
pared with that observed in the NS group (40.28%±5.36% vs 
59.52%±7.28%, P<0.05).  This effect was partially abrogated by 
co-treatment with LY294002 (50.76%±5.49% in STS+LY294002 
group vs 40.28%±5.36% in STS group, P<0.05).  However, 
AAR, which was defined as the myocardial tissue within the 
perfusion bed distally to the culprit lesion of the infarct-related 
coronary artery, was similar among all of the groups.  

Myocardial functions (dp/dtmax, LVDP, and CF) were sig-
nificantly enhanced both at the baseline (prior to reperfusion) 
as well as during reperfusion in the STS group compared 
with the NS group.  However, no significant difference was 
observed in HR (Figure 1B) among the three groups dur-
ing I/R.  The STS group exhibited a significant increase in 
dp/dtmax both at baseline and after 30 min of ischemia (Figure 
1C) throughout the reperfusion period compared with the 
control (2984±274 vs 2493±209 mmHg/s 30 min post reperfu-
sion).  A similar pattern was observed in LVDP as well as in 
coronary flow (Figure 1D and 1E) in the STS group compared 
with the control.  As expected, co-treatment with LY294002 in 
STS+LY294002 group in part abolished the protective effect 
elicited by STS treatment (Figure 1C–1E).  These results indi-
cated the PI3K/Akt-dependent cardioprotective effects of STS.

I/R-induced apoptosis is alleviated by STS pretreatment
The representative photograph show that TUNEL-positive car-
diomyocytes were more frequently observed in the NS group 
and STS+LY294002 group compared to the STS group.  Semi-
quantitative analysis revealed that the incidence of TUNEL-

positive cells was significantly reduced in the STS group 
compared to the NS group (15.11%±3.71% vs 38.21%±7.83%, 
P<0.05).  When co-treated with LY294002 in the STS+LY294002 
group, the percentage of TUNEL-positive cells was signifi-
cantly increased compared to the STS group (22.08%±5.22% vs 
15.11%±3.71%, P<0.05) (Figure 2A).  

Mitochondrial dysfunction plays an important role in 
ischemia-reperfusion-induced cardiomyocyte apoptosis 
injury.  Thus, we further assessed cytosolic and mitochondrial 
cytochrome c protein levels by immunoblotting analysis.  As 
indicated in Figure 2B, we observed that in the NS group, 
cytochrome c was predominantly found within the cytosolic 
fraction, reflecting an active apoptotic process.  Compared to 
the NS group, a significant decrease in cytochrome c within 
the cytosolic fraction accompanied by an increase within the 
mitochondrial fraction was observed in the STS group.  More-
over, co-treatment with LY294002 reversed the effect of STS 
on the subcellular distribution of cytochrome c between the 
cytosolic and mitochondrial fractions.  However, the reversal 
did not reach the level observed in the NS group.  There was 
no significant difference in the total expression levels of cyto-
chrome c between the three groups (Figure 2B).  

The internucleosomal DNA fragmentation of cardiomyo-
cytes represents a hallmark of apoptotic cell death.  Negligible 
levels of DNA laddering were observed in the STS group, 
whereas DNA laddering was clearly detected in the NS and 
STS+LY294002 groups after 2 h of reperfusion.  STS treatment 
significantly decreased the appearance of DNA laddering 
induced by I/R, which was counteracted by co-treatment with 
LY294002 (Figure 2C).

As an executioner caspase, caspase-3 is activated in apop-
totic cells both by extrinsic (death ligand) and intrinsic 
(mitochondrial) pathways.  The caspase-3 zymogen exhibits 
virtually no activity until it is cleaved by an initiator caspase 
following apoptotic signaling events.  As shown in Figure 
2D, the caspase-3 activity was significantly reduced in the 
STS group compared to the NS group, and co-treatment with 
LY294002 in the STS+LY294002 group significantly enhanced 
caspase-3 activity compared to that observed in STS group.  
These results demonstrated that the administration of STS sig-
nificantly alleviated the I/R-induced myocardial cell apoptotic 
injury in the rats via the activation of a PI3K-dependent signal-
ing pathway.  

The PI3K/Akt pathway is involved in the protective effect of STS
STS treatment significantly increased the phosphorylated Akt 
(p-Akt) levels in myocardial tissues that were exposed to I/R 
compared to the NS group.  The levels of p-Akt were signifi-
cantly reduced when the PI3K/Akt inhibitor LY294002 was 
applied.  The total Akt levels (t-Akt) remained unchanged 
among the three groups (Figure 3).  These results imply that 
the PI3K/Akt pathway is involved in the STS-induced protec-
tive effects during I/R.  STS treatment triggered PI3K activity 
that further activated the downstream potent survival factor 
phosphorylated Akt.  
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STS treatment induces FOXO3A phosphorylation but elicits no 
effect on FOXO1 and FOXO4
Mammalian forkhead members of the class O (FOXO) tran-
scription factors, including FOXO1, FOXO3a, and FOXO4, are 
implicated in the regulation of several biological processes, 
such as stress resistance, metabolism, cell cycle, and apopto-
sis.  To investigate which of the FOXO family member might 
be activated by STS treatment, we assessed the phosphoryla-
tion levels of each FOXO family member, including FOXO1, 
FOXO3A, and FOXO4.  As shown in Figure 4, the levels of 
phosphorylated FOXO3A were significantly elevated in the 
STS group compared with that observed in the NS group 
(7.24±1.42-fold, P<0.05).  Co-treatment with LY294002 in the 
STS+LY294002 group significantly reduced the expression of 
phosphorylated FOXO3a in STS group, although the levels 

were still increased compared to that observed in NS group 
(2.94±0.63-fold, P<0.05).  Notably, the administration of STS 
did not alter the levels of phosphorylated FOXO1 and FOXO4 
proteins among each group.  Pre-treatment with STS alone 
or with LY294002 did not affect the total levels of FOXO1, 
FOXO3A or FOXO4 proteins.  These results indicated that the 
protective effect of STS was associated with Akt-mediated 
FOXO3a signaling pathway, but not FOXO1 or FOXO4.

STS down-regulates Bim expression in a PI3K-dependent 
signaling pathway
The down-regulation of both mRNA and protein levels of Bim 
were observed in the STS group compared to the NS group.  
Moreover, as expected, co-treatment with LY294002 increased 
the mRNA and protein expression levels of Bim, which was 

Figure 1.  The effects of sodium tanshinone IIA sulfonate (STS) on infarct size, area at risk (AAR) (A), heart rate (HR) (B), the first derivative of 
developed pressure (dp/dtmax) (C), left ventricular developed pressure (LVDP) (D) and coronary flow (CF) (E).  The isolated hearts from NS-, STS-, and 
STS+LY294002-treated rats were subjected to 30 min of global ischemia followed by 2 h of reperfusion.  The results are expressed as the mean±SEM.  
bP<0.05 was considered statistically significant among each group.  n=8 animals in each group. 
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still reduced compared to the NS group (Figure 5A).  The rep-
resentative micrographs of rat myocardial IHC staining of Bim 
at 2 h after reperfusion are shown in Figure 5B.  The average 
nuclear and cytoplasmic staining intensity of Bim was signifi-
cantly reduced compared with that observed in the NS group.  
Co-treatment with LY294002 increased the average nuclear 
and cytoplasmic staining intensity of Bim, which was still 
reduced compared to the NS group.  These results indicated 
that pre-treatment with STS down-regulated the expression of 
Bim in a PI3K/Akt-dependent signaling pathway.  

The in vitro effect of STS on phospho-Akt, phospho-FOXO3A, and 
Bim expression
There were no significant differences in phospho-Akt, phos-
pho-FOXO3A or Bim expression between the normal neo-
natal rat cardiac cells and the H2O2-induced control group.  
Pre-treatment with STS significantly increased the levels of 
phospho-Akt and phospho-FOXO3A but elicited no effect on 
the expression levels of total Akt and FOXO3A (Figure 6A).  
Moreover, STS decreased the expression of Bim at the mRNA 

Figure 2.  The effect of STS on myocardial apoptosis after ischemia/reperfusion (I/R) injury.  (A) Representative photomicrographs demonstrating 
TUNEL staining for apoptotic cells in the rat heart at 2 h after reperfusion in the NS, STS, and STS+LY294002 groups.  The effects on the severity of 
cardiac apoptosis are shown in an average quantitative analysis of the rate of TUNEL-positive cells.  The data are represented as the mean±SEM.  n=8 
for each group.  bP<0.05 was considered statistically significant among each group.  (B) Cytochrome c levels in the cytosol, mitochondrial and total 
fraction were analyzed by WB and semi-quantitatively estimated as the fold-change relative to the NS group.  (C) The detection of internucleosomal DNA 
fragmentation using gel electrophoresis and Biotekepeter Ultra power staining in the NS, STS, and STS+LY294002 groups. (D) The effects of STS with 
or without LY294002 treatment on caspase 3 activity in area at risk zone of the cardiac tissues at 2 h after reperfusion, quantitatively estimated as the 
fold-change relative to the NS group.  bP<0.05 is considered significant difference among each groups.

Figure 3.  The ef fect of STS on phosphorylated Akt levels.  Top: 
representative WB from left ventricle tissue isolated from each group 
showing the effect of STS on the levels of phosphorylated (p)-Akt and 
total (t)-Akt.  Bottom: the quantitative estimation of p-Akt levels is shown 
as the relative p-Akt and t-Akt ratios in STS and STS+LY294002 groups 
compared with the NS group.  bP<0.05 was considered statistically 
significant among each group.  n=8 animals in each group.



1392

www.nature.com/aps
Zhang MQ et al

Acta Pharmacologica Sinica

npg

and protein levels compared to H2O2-induced control group 
(Figure 6B).  Co-treatment with STS and LY294002, however, 
partially counteracted the effects elicited by the addition of 
STS alone.

The in vitro effect of STS on apoptosis induced by H2O2 
Flow cytometric analysis of Annexin V/7-AAD staining of 
neonatal rat cardiac cells revealed that 28.3% of cells were in 
the early stages of apoptosis at 1 h of exposure to H2O2.  STS 

Figure 4.  The effect of STS on phosphorylated FOXO1, FOXO3A, and FOXO4 levels.  Left: a representative Western-blot from left ventricle tissues 
isolated from each group showing the effect of STS on the levels of phosphorylated (p)-FOXO1, p-FOXO3A, p-FOXO4, total (t)-FOXO1, t-FOXO3A, and 
t-FOXO4. Right: the quantitative estimation of p-FOXO1, p-FOXO3A, and p-FOXO4 levels are shown as the relative OD values in STS and STS+LY294002 
groups compared to the NS group.  bP<0.05 was considered statistically significant among each group.  n=8 animals in each group.

Figure 5.  The effect of STS on Bim expression.  (A) The expression levels of Bim mRNA (top) and protein (bottom) were analyzed using semi-
quantitative RT-PCR and Western blotting, respectively.  The levels of GAPDH served as an internal control.  The quantitative estimation of Bim mRNA 
and protein levels in the top right histogram are shown as the relative Bim mRNA and protein ratios in the STS and STS+LY294002 groups compared 
to the NS group.  The expression levels of Bim mRNA and protein were measured in the myocardial tissue isolated from rats at 2 h after reperfusion.  
bP<0.05 was considered as statistically significant among each group.  n=8 animals in each group.  (B) Representative photomicrographs show the 
immunohistochemical staining of Bim in the myocardial tissues isolated from rats at 2 h after reperfusion.  STS attenuated Bim expression in the 
myocardial tissues (cytoplasm brown staining) at 2 h after reperfusion.  Co-treatment with LY294002 resulted in elevated Bim staining compared to the 
STS group, although the staining was still weaker than that observed in the NS group.
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treatment significantly decreased the extent of cardiomyo-
cyte apoptosis compared to H2O2-induced control group 
(15.92%±3.36% vs 28.33%±4.17%).  However, apoptosis 
was significantly increased by co-treatment with STS and 
LY294002 compared to STS treatment alone (21.59%±3.87% vs 
15.92%±3.36%) (Figure 7A, 7B).

The caspase-3 activity was significantly increased in cells 
exposed to H2O2 compared with the normal cell group.  STS 
treatment significantly decreased caspase-3 activity compared 
with the H2O2-induced control group.  Co-treatment with STS 
and LY294002, however, significantly increased caspase-3 
activity compared with STS treatment alone (Figure 7C).

Discussion
In this study, we demonstrated that in vivo and in vitro STS 
treatment elicited a protective effect against myocardial I/R- 
and H2O2-induced injury in rats and, furthermore, that the 
activation of a PI3K/Akt/FOXO3A/Bim-mediated anti-
apoptotic pathway is involved in this protective process.  
According to our findings, the protective effect of STS in car-
diac function following reperfusion was reduced in the pres-
ence of LY294002 (Figure 1).  Concurrently, STS significantly 
increased p-Akt levels in the myocardial tissue samples and 

the neonatal rat cardiac cells, an increase that was in part 
abolished by LY294002 treatment (Figure 3, 6).  These results 
revealed that the PI3K/Akt signaling pathway is involved in 
the protective effect of STS.  Moreover, Forkhead transcription 
factor FOXO3A, but not FOXO1 or FOXO4, was phosphory-
lated and might play a role as a downstream effector of Akt in 
mediating the protective effect of STS (Figure 4, 6).  Apoptosis 
in cardiomyocytes induced by I/R or exposure to H2O2 was 
significantly reduced when the cells were treated with STS but 
was enhanced following co-treatment with LY294002 (Figure 
2, 7).  This protective mechanism of STS involves the inhibition 
of the apoptosis-related activation of caspase-3, cytochrome c 
release, and the down-regulation of the Bim expression (Fig-
ure 2, 5, 6, 7).  Thus, our study indicated that the protective 
effect of STS is associated with the PI3K/Akt/FOXO3A/Bim-
mediated anti-apoptotic signaling pathway, a finding that is 
consistent with the results of previous studies[5, 20, 21, 22].  

STS is a predominant effective derivative of Salvia miltior-
rhiza (known as “Danshen” in Traditional Chinese Medicine).  
Experimental and clinical evidence have shown that STS 
reduces heart infarct size and protects cardiac tissue against 
I/R injury[23, 24].  Salvianolic acid A (SAA), another major active 
component of Danshen, elicits a marked protective effect on 

Figure 6.  In vitro effect of STS on phospho-Akt, phospho-FOXO3A and Bim expression of neonatal rat cardiac cells induced by H2O2.  (A) A representative 
Western blotting photograph showing the effect of STS on the levels of p-Akt, total-Akt, p-FOXO3A, and total-FOXO3A from each group.  The quantitative 
estimation of phospho-Akt and phospho-FOXO3A levels was shown as the relative OD values in STS and STS+LY294002 groups compared with the 
normal and H2O2-induced control group.  (B) The expression levels of Bim mRNA and protein were analyzed using a semi-quantitative RT-PCR and 
Western blotting, respectively. GAPDH served as an internal control.  The quantitative estimation of Bim mRNA and protein levels in the histogram are 
shown as the relative Bim mRNA and protein ratios in the STS and STS+LY294002 groups compared to the normal and H2O2-induced control group.
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myocardial ischemia-reperfusion injury and attenuates H2O2-
induced apoptosis.  The cardioprotective effect of SAA is 
related to its ability to reduce myocardial cell apoptosis and 
damage induced by oxidative stress[25].  Several mechanisms 
have been reported to be involved in the cardioprotective 
effects of STS against cardiovascular injury.  STS inhibits the 
formation of reactive oxygen species in rat heart mitochon-
dria[26], inhibits Ca2+ overload in cardiomyocytes[24], depresses 
Na+-K+-ATPase activity in cardiac-derived microsomes[27], and 
improves the conditions of hemorheologic effects, including 
the whole blood viscosity, fibrinogen, and D-dimer[28].  A pre-
vious study has indicated the role of PI3K/Akt in mediating 
STS-induced cardioprotection following myocardial I/R[29], 
which is consistent with our findings.  PI3K/Akt is known 
to mediate cytoprotective effects by regulating many down-
stream signals, including IKKα, eNOS, Bcl-XL, p53, and GSK-
3.  In this study, another PI3K/Akt-regulated downstream 
FOXO3A/Bim signal is observed in the protective effect of 
STS against myocardial I/R injury.  Hence, there may be exist-
ing cross-talk between Akt/ FOXO3a/Bim and other Akt/
IKKα, Akt/eNOS, Akt/Bcl-XL, Akt/p53, Akt/GSK-3 signals 
involved in the protective effect of STS, which is indicative of 
a protective, multi-pathway signaling mechanism.  

Activated Akt (p-Akt) can block apoptosis by inactivating 
several targets, including Bad, forkhead transcription factors, 
or caspase-9[30].  In this investigation, LY294002 attenuated 
STS-mediated protection, indicating that PI3K/Akt pathway 

plays an important role in the protective effect elicited by 
STS.  One issue that was also addressed in this study is that 
p-Akt is partially inhibited by LY294002 (Figure 3).  Thus, this 
study demonstrates that STS activates Akt by inducing its 
phosphorylation.  Then, activated p-Akt phosphorylates and 
inactivates FOXO3A, which alleviates the apoptosis driven by 
a Bim-mediated signaling pathway.  However, this finding is 
just the tip of the iceberg.  As described by Alloatti G et al[31], 
the anti-apoptotic effect can also be blocked by inhibiting the 
PKC, PI3K, or ERK1/2 pathways.  Therefore, it is possible 
that the protective effect elicited by STS might be mediated by 
multiple signaling pathways, a possibility that requires further 
investigation in future studies.

The FOXO subfamily of forkhead transcription factors rep-
resents a downstream target of Akt.  FOXO transcription fac-
tors have been implicated in regulating diverse cellular func-
tions, including differentiation, metabolism, proliferation, and 
apoptosis[7, 32, 33].  The overexpression of constitutively active 
FOXO3a can induce BIM expression and apoptosis in the pres-
ence of survival signaling[8].  Akt phosphorylates FOXO3a at 
Thr 32, Ser 253, and Ser 315[34, 35], resulting in its nuclear exclu-
sion and its association with 14-3-3 as well as the loss of target 
gene activation that includes the proapoptotic Bim gene[35–37].  
In this study, STS treatment significantly increased the levels 
of p-Akt (activation) and induced the phosphorylation (inac-
tivation) of FOXO3A in I/R rat cardiomyocytes and H2O2-
treated neonatal rat cardiac cells.  This FoxO3A inactivation 

Figure 7.  The H2O2-induced in vitro effect of STS on the apoptosis and caspase 3 activity of neonatal rat cardiac cells.  (A) STS (3 µg/mL) was pretreated 
at 12 h before the incubation of cells with 200 µmol/L of H2O2 for 1 h.  Normal cells; control cells exposed to 200 µmol/L of H2O2 for 1 h; 3 µg/mL STS-
pretreated cells at 1 h after exposure to 200 µmol/L of H2O2; 3 µg/mL STS and 10 µmol/L LY294002 co-pretreated cells at 1 h after exposure to 200 
µmol/L of H2O2.  (B) Statistical analysis of the flow cytometric analysis data.  (C) Statistical analysis of relative caspase 3 activity.  The data represent 
the mean±SD.  bP<0.05 was considered statistically significant among each group.
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was accompanied by significant decreases in the expression of 
one key FOXO3A target gene, the proapoptotic Bim.  Thus, the 
possible mechanism underlying the protective effect of STS 
against rat myocardial ischemia-reperfusion apoptosis injury 
might be elicited via the activation of a PI3K/Akt/FOXO3A/
Bim-mediated signaling pathway as follows: (1) The STS acti-
vates the PI3K/Akt pathway via the phosphorylation of Akt; 
(2) p-Akt inactivates FOXO3A through the phosphorylation 
of FOXO3A; (3) The phosphorylation of FOXO3A can induce 
its nuclear-to-cytoplasmic translocation, thereby inhibiting 
its transcription factor activity; and (4) The displacement of 
FOXO3A from the nucleus into the cytoplasm inhibits its tran-
scriptional activity, and in turn, the expression of its down-
stream target molecule Bim, which is responsible for the apop-
tosis-related activation of caspase-3 and cytochrome c release.  
However, whether the activation of the PI3K/Akt/FOXO3A/
Bim pathway is the only way to inhibit cardiomyocyte apopto-
sis during I/R remains unknown.  The full characterization of 
other signaling pathways needs to be further investigated.

Another issue that has not been investigated in this study is 
whether the activities of STS require an intracellular receptor.  
The PI3K/Akt pathway plays an important role in I/R injury, 
and the possible involvement of this pathway in the cardio-
protective effect of STS warrants further investigation.  It is 
conceivable that there is a tyrosine kinase in the putative STS 
receptor that activates the PI3K/Akt pathway.  The elucida-
tion of this possibility will require an intensive exploration of 
the STS receptor.

The salient finding of this study is that STS pretreatment 
elicits a significant cardioprotective effect in reducing infarct 
size, improving cardiac function, and inhibiting apoptosis—ei-
ther directly or indirectly—through the PI3K/Akt/FOXO3A/
Bim pathway.  These data suggest that the application of STS 
represents a new therapeutic modality for treating myocardial 
I/R injury.  A complete understanding of the mechanisms 
underlying the protective effects of STS will greatly facilitate 
the realization of its clinical potential.
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