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Abstract. Heart failure, characterized by impaired systolic 
and/or diastolic function, is a common cardiovascular disease. 
The loss of cardiomyocytes due to various factors, including 
through necrosis or apoptosis can result in heart failure. 
Previous studies have indicated that excessive aldosterone 
(ALD) serves an essential role in the process of heart failure, 
and the heart is also one of the direct targets of ALD, which 
can provoke hypertrophy and the apoptosis of cardiomyocytes. 
The aim of the present study was to investigate the protective 
effect of danshensu (DSS) on ALD‑induced cardiomyocytes 
injury. The present results demonstrated that DSS increased 
cell viability and decreased the leakage of lactate dehydro-
genase in cardiomyocytes exposed to ALD. In addition, DSS 
decreased the apoptotic rate of ALD‑stimulated cells. Further 
research indicated that DSS‑ and cellular tumor antigen p53 
(p53)‑alone or combination treatment was able to decrease the 
expression levels of apoptosis regulator BAX and caspase‑3, 
and increase the expression of apoptosis regulator B‑cell 
lymphoma (Bcl)‑2 in ALD‑stimulated cardiomyocytes. 
Taken together, the results of the present study suggest that 
DSS inhibits the harmful effects of ALD on cardiomyocytes 
via interfering with the p53 signaling pathway. These results 
provide novel evidence for the potential protective effects of 
DSS.

Introduction

Cardiovascular disease is one of the most frequent diseases 
both in developed countries and developing countries  (1). 
Heart failure, characterized by impaired systolic and/or 
diastolic function with high morbidity and mortality, is the 
common ending of diverse etiologies (2). It is well accepted 
that one of most important reasons resulting in heart failure is 
cardiomyocytes loss including necrosis and apoptosis (3). The 

process of apoptotic involves many factors like sympathetic 
nervous system, renin‑angiotensin system, reactive oxygen 
species (ROS). Research evidences indicates that excessive 
aldosterone (ALD) plays a critical role in the process of 
heart failure, and heart is also one of direct targets of ALD, 
which can provoke hypertrophy and apoptosis of cardiomyo-
cytes (4,5). Previous research indicated that ALD could induce 
cardiomyocytes apoptosis mainly via Ca2+ overload medi-
ated mitochondria‑dependent and independent pathway (6). 
However, little is known about ALD is able to induce cardio-
myocytes apoptosis via p53 signaling pathway.

Salvia miltiorrhiza (Danshen), a traditional medicine, is 
widely used in the treatment of cerebrovascular and cardio-
vascular diseases. Danshensu (DSS) is the major water‑soluble 
component extracted from Salvia miltiorrhizae. Its chemical 
structure is 3‑(3,4‑dihydroxyphenyl)‑2‑hydroxypropanoic 
acid and could improve microcirculation, suppress the forma-
tion of ROS, inhibit platelet adhesion and aggregation, and 
protect myocardium against ischemia (7‑9). It has been previ-
ously reported that DSS has pharmacological effects such as 
anti‑atherosclerosis, anti‑inflammatory, and anti‑oxidative 
damage (10‑12). However, the effect of DSS on ALD induced 
cardiomyocytes injury is still unclear especially through 
interfering p53 signaling pathway. Hence, the aim of present 
study was to investigate the protective effect of DSS on 
ALD‑induced apoptosis in cardiomyocytes which mainly 
involve in the signaling pathway of p53.

Materials and methods

Chemicals and animals. DSS was purchased from National 
Food and Drug Testing Institute (Beijing, China). Dulbecco's 
modified Eagle's medium (DMEM) and fetal bovine serum 
(FBS) were purchased from Gibco; Thermo Fisher Scientific, 
Inc. (Waltham, MA, USA). Penicillin and streptomycin 
were purchased from Huirui Biotechnology Co., Ltd. (Xi'an, 
China). MTT was purchased from Invitrogen (Carlsbad, CA, 
USA). Protein quantification kit was purchased from Boster 
(Nanjing, China). Lactate dehydrogenase (LDH) assay kit 
was from BD Biosciences (San Jose, CA, USA). Caspase‑3, 
Bax, B‑cell lymphoma (Bcl)‑2, and GAPDH antibodies were 
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). P53 antibody was from Abcam (Cambridge, MA, USA). 
Secondary antibodies were purchased from the Zhongshan 
Co. (Beijing, China).
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Sprague‑Dawley (SD) rats (between 1‑3 days old) were 
provided by the Experimental Animal Center of Henan. This 
study was performed according to the Guide for the Care and 
Use of Laboratory Animals published by the US National 
Institutes of Health (National Institutes of Health Publication, 
no. 85‑23, revised in 1996).

Primary cultured rats' cardiomyocytes were isolated from 
SD rats according to previous methods (13). The purity of 
cultured cardiomycoytes were 99% as evaluated by immu-
nofluoresence staining by cardiac muscle sarcomeric a‑actin 
antibody (Boster Biotechnology Ltd., Wuhan, China) and 
showed in Fig. 1. Cardiomyocytes were kept in the serum‑free 
medium for 12 h prior to the experiment and then stimulated 
by ALD as indicated. In the DSS treatment experiments, 
Cardiomyocytes were exposed to ALD (10 µmol/l) for 12 h 
after pretreated with the DSS for 2 h.

Assessment of the viability of cardiomyocytes by MTT 
methods. The cells were exposed to different concentration 
of DSS for 12 or with the different concentration of ALD for 
12 h or ALD at 10 µmol/l for indicated time, and the cells 
were subjected to ALD (10.0 µmol/l) treatment in the absence 
or presence of DSS. After indicated treatment, 20  µl of 
5 mg/ml MTT solution was added into and incubated at 37˚C 
for 4 h. Formazan salt crystals were then dissolved with 150 ml 
dimethylsulfoxide for each well. The mixtures were assayed at 
490 nm using a microplate reader (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA).

Assayed the leakage of LDH. The cardiomyocytes were 
subjected to ALD (10.0 µmol/l) treatment in the absence or 
presence of DSS and then LDH activity was measured using 
the relative LDH activity assay kit according to the instruction 
of the kit. LDH leakage rate was expressed as the percentage 
of the total LDH activity (the extracellular LDH activity plus 
the intracellular LDH activity), according to the following 
equation: % LDH release rate = (LDH activity in medium/total 
LDH activity) x %.

Apoptosis assay. Then apoptotic cells were identified using 
an Annexin V/PI apoptosis kit (Nanjing KeyGen BioTech Co., 
Ltd., Nanjing, China) and flow cytometry. The cardiomyocytes 
were subjected to ALD (10.0 µmol/l) treatment in the absence 
or presence of DSS for 12 h, about (1‑1.5)x106  cells were 
harvested and re‑suspended in 500 µl binding buffer. Next, 
the cells were incubated with 5 µl Annexin V‑fluorescein 
isothiocyanate (FITC) and 5 µl PI (50 mg/ml) for 15 min in the 
dark and immediately analyzed by flw cytometry. Data from 
at least 2x105 cells of each sample were acquired and analyzed 
using Cell Quest software, version 7.5.3 (Becton Dickinson, 
Franklin Lakes, NJ, USA). In the PI vs. FITC scatter plot, the 
percentage of cells in the lower left quadrant (live cells), upper 
left quadrant (necrotic cells), upper right quadrant (late apop-
totic cells) and lower right quadrant of (early apoptotic cells) 
was calculated for comparison.

Western blot analysis. The cardiomyocytes were pretreated 
with DSS and p53 specific inhibitor pifithrin‑α alone or in 
combination for 2 h and then subjected to ALD (10.0 µmol/l) 
for 12 h. After the treatment, the cardiomyocytes were washed 

once in PBS and lysed on ice in lysis buffer (Beyotime Institute 
of Biotechnology, Jiangsu, China). The protein concentration 
was determined using a BCA protein assay kit. Equal amounts 
of proteins were subjected to 10% SDS‑polyacrylamide gel. 
After being electrophoresed, the proteins were transferred onto 
a PVDF membrane by using a Bio‑Rad western blot analysis 
apparatus. The membrane was incubated with blocking buffer 
for 1.5 h at room temperature and then incubated overnight 
at 4˚C with the primary polyclonal antibodies against p53, 
Bax, caspase‑3 and Bcl‑2, followed by incubation with corre-
sponding secondary antibodies. Specific protein bands were 
visualized with an ECL advanced western blot analysis detec-
tion kit (Merck Millipore, Billerica, MA, USA).

Statistical analysis. Data were shown as means  ±  SEM. 
Statistical significance between two groups was tested by 
Student's t‑test. Statistical significance between multiple 
groups was assessed by one‑way ANOVA followed by Tukey's 
test. All statistical analysis were performed by the GraphPad 
Prism (version 6; GraphPad Software Inc., La Jolla, CA, USA). 
P<0.05 was considered to be statistically significant.

Results

The effect of DSS treatment on cell viability in ALD‑treated 
cardiomyocytes. To study whether DSS was able to protect 
against cardiac injury induced by ALD in vitro. Firstly, deter-
mined the effects of DSS on cell growth of cardiomyocytes. 
The cardiomyocytes were exposed to DSS (0.01, 0.1, 1.0 
and 10.0 µmol/l) for 12 h and as shown in Fig. 2A that the 
concentration of DSS from 0.01‑1.0 µmol/l no significant cell 
growth changes were found compared with the control group 
(P>0.05). However, treatment with 10 µmol/l DSS resulted in 
a small but significant decrease in cell growth, suggesting that 
DSS may be cytotoxic in myocardial cells at high concentra-
tions. Next, the cells were subjected to ALD (0.1‑100.0 µmol/l) 
for 12  h or ALD 10.0  µmol/l for 0‑24  h. Compared with 
control group, when exposed to ALD 10.0 µmol/l for 12 h can 
significantly decrease the cell growth of cardiomyocytes and 
showed a concentration‑dependent manner or time‑dependent 

Figure 1. Characterization of primary cultured rats' cardiomyocytes derived 
from the male Sprague‑Dawley rats. The cells were stained with cardiac 
muscle sarcomeric a‑actin and labeled with the cy3 conjugated antibody. The 
cells were observed at magnification of x200 under a fluorescence microscope.
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fashion (Fig. 2B and C). In the following experiment, cells 
were subjected to ALD (10.0 µmol/l) treatment in the absence 
or presence of DSS (0.01‑1.0 µmol/l). ALD treatment signifi-
cantly decreased cell growth (P<0.05, compared with the 
control group; Fig. 2D), while DSS (0.1 and 1.0 µmol/l) treat-
ment for 12 h resulted in a significant increase in cell growth, 
in a concentration‑dependent manner (P<0.05, compared 
with the ALD group; Fig. 2D). However, 0.01 µmol/l DSS 
had almost no effect on improving the cell growth (P>0.05 
vs. ALD group).

Treatment with DSS decreased the leakage of LDH in 
ALD‑induced cardiomyocytes. LDH is an oxidoreductase 
which catalyzes the interconversion of lactate and pyruvate. 
Cytotoxic compounds often impair cell membrane integrity 
by inducing cell apoptosis or necrosis. LDH is also served 
as a bio‑maker of cellular membrane injury. There was a 
significant increase in LDH leakage ratio in cells exposed 
to 10 µmol/l ALD alone for 12 h (P<0.01 compared with the 
control group). However, the level of LDH leakage ratio was 
significantly reduced in cells pre‑treated with DSS and in a 
concentration‑dependent manner (Fig. 3).

Treatment with DSS prevented the cell apoptosis induced by 
ALD treatment in cardiomyocytes. To examine whether DSS 
has any effect on ALD‑induced apoptosis in cardiomyocytes, 

the present study performed by flow cytometry. Results 
showed that ALD treatment increased the percentage of apop-
totic cells (P<0.05, compared with control group). Compared 
with the ALD group, DSS treatment attenuated the apoptosis 

Figure 2. Effect of DSS treatment on cell viability of ALD‑treated cardiomyocytes. (A) Cells were incubated with the different concentrations of DSS for 12 h; 
(B) cells were incubated with the different concentrations of ALD for 12 h; (C) cells were incubated with the concentrations of ALD at 10 µmmol/l for 0‑24 h; 
(D) cells were subjected to ALD (10.0 µmol/l) treatment in the absence or presence of DSS (0.01‑1.0 µmol/l). After treatment, the cell growth was assayed by 
the MTT method. Results were expressed as mean ± SEM from six independent experiments. *P<0.05, **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. ALD 
alone. DSS, danshensu; ALD, aldosterone.

Figure 3. Inhibited effects of DSS on ALD‑induced cardiomyocytes LDH 
release. An equal number of cells were pre‑treated with DSS (0.01, 0.1 or 
1.0 µmol/l) for 2 h and then cells were stimulated with ALD (10.0 µmol/l) for 
12 h. At the end of the incubation period, LDH release was assayed. Results 
were expressed as mean ± SEM from six independent experiments. ##P<0.01 
vs. control; **P<0.01 compared with ALD alone. DSS, danshensu; ALD, 
aldosterone; LDH, lactate dehydrogenase.
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of cardiomyocytes, in a dose‑dependent manner (P<0.05). 
In conclusion, these data confirmed that exposure of the 
cardiomyocytes to ALD induced cell apoptosis, however, 
pretreatment with DSS reversed this effect and protected the 
cardiomyocytes (Fig. 4).

The effect of DSS treatment on cleaved caspase‑3, Bax and 
Bcl‑2 proteins expression in ALD‑treated cardiomyocytes. To 
further investigate whether the protective effect of DSS, the 
protein levels of pro‑apoptotic caspase‑3, Bax, and anti‑apop-
totic Bcl‑2 were measured using western blot analysis. As 
shown in Fig. 5, the protein expression of caspase‑3, and Bax in 
the ALD group was significantly upregulated, compared with 
that in the control group (P<0.05). However, DSS decreased 
the expression of caspase‑3 and Bax, compared with the 
ALD group (P<0.05). In addition, conversely, ALD produced 

a significant decrease in the expression of Bcl‑2 (P<0.05, 
compared with control group). While, DSS treatment upregu-
lated the ratio of Bcl‑2 (P<0.05, compared with ALD group). 
The results suggested that the protective effects of DSS were 
associated with the downregulation of caspase‑3 and Bax, and 
upregulation the expression of Bcl‑2.

Protective effect of DSS on ALD‑induced cardiomyocytes 
injury via interfering p53 signaling pathway. Fig. 6A showed 
that pretreatment of DSS and p53 specific inhibitor pifithrin‑α 
alone or in combination can decrease the level of p53 in 
ALD‑induced cardiomyocytes (P<0.05, compared with ALD 
group). Further study showed that DSS and pifithrin‑α alone 
or in combination can downregulate ALD‑induced the expres-
sion of caspase‑3 and Bax as well as upregulate the level of 
Bcl‑2 in compare with ALD alone (Fig. 6B).

Figure 4. Impacts of DSS on ALD‑induced cardiomyocytes apoptosis by Annexin V/PI staining. Cells were pre‑treated with DSS (0.01, 0.1 or 1.0 µmol/l) for 
2 h and then were stimulated with ALD (10.0 µmol/l) for 12 h. At the end of the incubation period, the cells were then prepared for Annexin V/PI staining. 
The data expressed as % apoptotic cells (lower right quadrant plus upper right quadrant). Results were expressed as mean ± SEM from three independent 
experiments, ##P<0.01 vs. control; *P<0.05 and **P<0.01 compared with ALD alone. DSS, danshensu; ALD, aldosterone; FITC, fluorescein isothiocyanate.
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Discussion

In the present study, we demonstrated that DSS has a protec-
tive effect on the ALD induced cardiomyocytes injury. The 
protective effects involved in decreasing the leakage of LDH 
as well as inhibit the expression of apoptosis related protein 
via p53 pathway.

Traditional Chinese medicines and their ingredients have 
been used as the most important therapeutic agents in China 
from times immemorial. DSS, a water‑soluble constituent of 
S. miltiorrhiza (Danshen), is well‑recognized for its cardiovas-
cular activity (14,15). DSS was previously reported to protect 
the heart against I/R injury by reducing ROS generation and 
inhibiting cell apoptosis (16). While ALD is a mineralocorticoid 
hormone which regulates sodium and potassium transports in the 
epithelial cells of renal tubules (17). Excess ALD not only causes 
the abnormal water homeostasis, but also increases the risk of 
cardiovascular events independent of hypertension (18,19). ALD 
also plays a critical role in the process of heart failure, and heart 
is one of direct targets of ALD, which can provoke hypertrophy 
and apoptosis of cardiomyocytes (20,21). In this research, we 
found a protective effect of DSS in ALD treated cardiomyo-
cytes; this protective effect is of signally important, because of 
cardiomyocytes loss including necrosis and apoptosis is one of 
the most important reason of heart failure.

As we all known that apoptosis, a form of programmed cell 
death, can occur in a wide range of physiological and patho-
logical situations (22‑24). It is characterized by cell shrinkage, 
programmed DNA degradation, cytoplasmic cytochrome c 
release increased and activation of caspases. P53 plays a key 
role in DNA damage‑induced apoptosis which aims at its 
transcriptional target pro‑apoptotic Bax or translocates to 
mitochondria to interact with anti‑apoptotic Bcl‑2 in non‑tran-
scriptional way. The Bcl‑2 family proteins are important 
regulators of apoptosis. Anti‑apoptotic members such as Bcl‑2 
promote survival by inhibiting the function of the pro‑apop-
totic Bax proteins (25,26). Furthermore, activated caspase‑3 in 
the mitochondrial apoptotic pathway can lead to loss of ATP 
and ROS generation (27,28). The abnormal release of LDH is 
an index of plasma membrane damage and cell apoptosis (29). 
In the present research we found that DSS could decrease the 
release of LDH and upregulate the expression of apoptosis 
regulator Bcl‑2, as well as downregulate the protein of Bax and 
a decrease phenomenon of protein caspase‑3 in ALD‑treated 
cardiomyocytes when co‑culture with DSS. Although, there 
exists few reports about the pro‑apoptosis effect of ALD via 
p53 signaling pathway, the present research indicated that p53 
signaling pathway might involve in the pro‑apoptosis effect of 
ALD in cardiomyocytes and another protective mechanism of 
DSS might partly through interfering p53 signaling pathway.

Figure 5. Regulation of DSS on ALD‑induced Bax, Bcl‑2 and cleaved caspase‑3 levels in cardiomyocytes. The cells were pre‑treated with DSS (0.01, 0.1 or 
1.0 µmol/l) for 2 h and then were stimulated with ALD (10.0 µmol/l) for 12 h. At the end of the incubation period, each protein level was analyzed by western 
blot analysis. Levels of protein are shown as folds of control from three independent experiments and expressed as mean ± SEM. ##P<0.01 vs. control; *P<0.05 
and **P<0.01 compared with ALD alone. DSS, danshensu; ALD, aldosterone; Bcl‑2, B‑cell lymphoma-2.

https://www.spandidos-publications.com/10.3892/mmr.2017.7137


YANG et al:  DSS ATTENUATES ALDOSTERONE‑INDUCED CARDIOMYOCYTES INJURY 4999

In conclusion, DSS could protect cardiomyocytes from the 
injury of ALD by effectively alleviating the plasma membrane 

damage as well as decrease the level of Bax and caspase‑3 
and increase the expression of Bcl‑2. This mechanism mainly 

Figure 6. Involvement of p53 pathway in ALD‑induced cardiomyocytes injury. The cells were pre‑treated with DSS and p53 specific inhibitor pifithrin‑α alone 
or in combination for 2 h and then were stimulated with ALD (10.0 µmol/l) for 12 h. At the end of the incubation period, each protein level was analyzed by 
western blot analysis. (A) The expression of p53 protein; (B) the expression of cleaved caspase‑3, Bax and Bcl‑2. Levels of protein are shown as folds of control 
from three independent experiments and expressed as mean ± SEM. ##P<0.01 vs. control; *P<0.05 and **P<0.01 compared with ALD alone. ALD, aldosterone; 
DSS, danshensu; Bcl‑2, B‑cell lymphoma-2.
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operates through interfering p53 pathway. The present study 
provides a new evidence for the potential effects of DSS in 
treating cardiovascular diseases.
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