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reperfusion injury through activation of  
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Abstract: Danshen has been widely used in the treatment of cardiovascular diseases while Danshensu 
[3 (3,4 dihydroxyphenyl) 2 hydroxy propanoic acid, DSS], a major water-soluble component of Danshen has also been 
explored as an important compound in Danshen. In the present study, DSS was tested in isolated rat hearts of isch-
emia reperfusion (I/R) model to investigate its cardioprotective activity and explore the potential molecular mecha-
nism against oxidative stress. The isolated rat hearts were used to perform global ischemia for 30 min, followed 
by 30 min reperfusion. DSS significantly decreased the level of the marker enzymes (creatine kinase and lactate 
dehydrogenase) from the coronary effluents and myocardial infarction size. This could markedly contribute to the 
recovery of cardiac function after I/R injury. DSS also had ROS scavenging activity and boosted endogenous antioxi-
dants such as SOD, CAT, MDA, GSH-PX and HO-1 activities by activating nuclear factor erythroid-2-related factor 2 
(Nrf2) signaling pathway which was mediated by Akt and ERK1/2 in western blot analysis. Our results demonstrated 
a cardioprotective effect of DSS on isolated heart against oxidative stress during I/R injury. This mechanism might 
be related to the enhancement of antioxidant defense system by activating Akt/ERK1/2/Nrf2 signaling pathways. 
This work could provide experimental evidence in treating cardiovascular disease by the use of traditional Chinese 
medicine particularly in myocardial ischemia reperfusion injury.

Keywords: Danshensu, myocardial ischemia reperfusion injury, oxidative stress, Akt/ERK1/2/Nrf2 signaling path-
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Introduction

Since the initial description of ischemia reper-
fusion (I/R) injury by Jennings and his col-
leagues in 1960 [1], the study of reperfusion 
injury has become of significance to various 
studies done on cerebrovascular, hepatic, renal 
and cardiovascular systems. Ischemia and 
reperfusion occurs in various situations, includ-
ing thrombolysis, percutaneous coronary angio-
plasty, organ transplantation and coronary 
bypass [2]. Prompt reperfusion is still the most 
effective way of reducing heart injury in acute 
myocardial infarction but reperfusion has also 
the potential risk of worsening tissue damage 

thereafter ischemia it usually accelerates the 
deterioration of cardiac function [3-5]. Reactive 
Oxygen Species (ROS) generation, intracellular 
calcium overload, ATP depletion, myocardial 
apoptosis and endothelial dysfunction are all 
considered as the end result of I/R cascade [6, 
7].

Oscar Langendorff first designed the apparatus 
in 1895 for the purpose of studies conducted 
on the isolated mammalian heart. Consequently, 
models of isolated hearts have been used to 
study ischemia reperfusion injury research 
[8-10]. Ischemia reperfusion injury research, 
this could provide the basic knowledge in study-
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ing fundamentals of cardiac physiology includ-
ing heart function, coronary flow and the entire 
cardiac metabolic activity [11].

Salvia miltiorrhiza (Danshen), a famous Chinese 
herb, has been widely used in both Asia and 
western countries in treating microcirculatory 
disorders like cerebrovascular, cardiovascular, 
renal inactivity and hepatic dysfunction. 
Danshen is well recognized for its cardiovascu-
lar activity. Its water soluble constituent, 
Danshensu (DSS) mimics the parent herb in 
managing cardiovascular disorders. Previously, 
studies revealed that DSS could improve circu-
lation in the smaller arteries, reduce ROS gen-
eration [12-14], inhibit cardiofibroblast prolifer-
ation and improve collagen synthesis [15-17], 
inhibit cell apoptosis [14, 18, 19] and protect 
heart against ischemia reperfusion injury [20-
22]. DSS could also prevent myocardial hyper-
trophy [23, 24] and atherosclerosis [25, 26] .

Myocardial damage induced by ischemia-reper-
fusion is due, at least in part, to the generation 
of ROS. These oxygen species are highly reac-
tive and can quickly overwhelm the cell’s 
endogenous free radical scavenging system. 
Several studies have shown that the addition of 
antioxidants or ROS scavengers delay the onset 
or attenuate ischemia-reperfusion injury [27-
29]. Nuclear factor erythroid-2-related factor 2 
(Nrf2) is an important transcription factor that 
regulates the antioxidant response [30, 31]. 
Activation of the Nrf2 pathway affords protec-
tion against oxidative stress during I/R [32, 33].

In the current work, therefore, Danshensu was 
tested in rat isolated heart ischemia/reperfu-
sion injured model to investigate its cardiopro-
tective effect and explore whether it can inhibit 
oxidative stress through Nrf2 signaling. 

Materials and methods

Materials

Danshenshu (98%, purity) was purchased from 
Chinese Institute for Drug and Biological 
Product Control (Beijing, China). The kits for 
determination of creatine kinase (CK), lactate 
dehydrogenase (LDH), superoxide dismutase 
(SOD), glutathione peroxides (GSH-PX), and cat-
alase (CAT), malondialdehyde (MDA) was 
obtained from Jiancheng Bioengineering 
Institute (Nanjing, China). 2, 3, 5-triphenyl tetra-
zolium chloride (TTC) was purchased from 

Solarbio (Beijing, China). 2’, 7’-dichlorouoresce 
in diacetate (H2DCFDA) was from invtrogen 
(USA). BCA Protein Assay Kit was from Thermo 
Scientific (USA). Transcriptor First Strand cDNA 
Synthesis Kit and FastStart Universal SYBR 
Green Master Mix Kit were obtained from 
Roche (Switzerland). phospho-Akt (Ser473) 
(#4060), total Akt (#4691), phospho-p44/42 
MAPK (ERK1/2) (Thr202/Tyr204) (#4370), 
p44/42 MAPK (ERK1/2) (#4695), GAPDH 
(#5174) were purchased from Cell Signaling 
Technology.Nrf2 (C-20) (sc-722) and goat anti-
rabbit secondary IgG-HRP (sc-2004) were pur-
chased from Santa Cruz Biotechonlogy, Inc.

Animal and ethics

Male Sprague Dawley rats (300 ± 20 g) were 
purchased from Beijing Vital River Lab Animal 
Technology Co. Ltd. Ambient temperature (22 ± 
2°C) and relative humidity (60 ± 5%) were main-
tained. The rats were allowed to acclimatize to 
the housing facilities before the experiments 
and eat a standard diet and drink ad libitum. 
This study was carried out in accordance with 
the recommendations in the Guidance for the 
Care and Use of Laboratory Animals issued by 
the Ministry of Science and Technology of China 
and the protocol approved by the Laboratory 
Animal Ethics Committee of Tianjin University 
of Traditional Chinese Medicine (Permit 
Number: TCM-LAEC2014004).

Isolated rat heart perfusion and Langendorff 
procedure

Administration of anaesthesia, operation, med-
ication and heart organ harvest summerized 
the whole protocol in this experiment. Rats 
were anesthetized with sodium pentobarbital 
(50 mg/kg) injected intraperitoneal. A thora-
cotomy was then performed and hearts were 
rapidly excised into an ice-cold heparinized (5 
U/mL) modified buffered Krebs-Henseleit solu-
tion (KHs). After removal of lungs and surround-
ing tissues, the aorta was attached to the per-
fusion device where hearts were perused at a 
constant flow retrograde, according to the 
method of Langendorff with a non-recirculated 
Krebs-Henseleit solution of the following com-
position (mM): NaCl 118; KCl 4.7; CaCl2 1.25; 
MgS04 1.2; KH2P04 1.2; glucose 11.0; NaHC03 
25.0 gassed with carbogen (95% O2 and 5% 
CO2) at 37° to yield a physiological pH of 7.4. 
The hearts were perfused with constant pres-
sure of approximately 65 mmHg and left for 20 
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minutes to permit recovery of function and sta-
bilize the rhythm The left ventricular end dia-
stolic pressure was maintained at 5~10 mmHg 
and coronary flow (CF) was measured by col-
lecting the effluent dripping from the heart per-
fusate. Cardiac functions were evaluated upon 
left ventricular developed pressure (left ventri-
cle end systolic pressure minus left ventricle 
end diastolic pressure; LVDP = LVSP-LVEDP), 
the recovery rate of maximal and minimum rate 
of pressure development (± dp/dt max, %) at 
the end of reperfusion period, and heart rate 
(HR). LVDP, ± dp/dt max and HR were calculat-
ed from the left ventricular pressure curve. 
These parameters were recorded continuously 
on a computer using Powerlab data acquisition 
system (A.D. Instruments, Castle Hill, Austra- 
lia/8SP Chart 5 software) [34].

Subsequently, hearts were randomly assigned 
to the following groups: 1) Control group (hearts 
perfused with KH buffer for 90 min); 2) I/R 
group (hearts that were allowed to stabilize for 
20 min prior to being subjected to 30 min glob-
al ischemia achieved by discontinued KHs per-
fusion, followed by 30 min reperfusion); 3) DSS 
1 µM group (hearts perfused with DSS 1 µM for 
10 min after 20 min of stabilization, global isch-
emia was performed for 30 min, followed by 30 
min reperfusion); 4) DSS 10 µM group (hearts 
perfused with DSS 10 µM for 10 min after 20 
min of stabilization, global ischemia was per-
formed for 30 min, followed by 30 min reperfu-
sion) as in Figure 1.

Creatine kinase and lactate dehydrogenase 
assay

As additional markers of myocardial injury, CK 
and LDH were determined from the coronary 

tic root excised and kept in -20°C for 30 min. 
Frozen hearts were cut transversely into differ-
ent slices like 2-3 mm which were incubated in 
1% 2, 3, 5-triphenyl tetrazolium chloride (TTC) 
dissolved in 0.1 M phosphate buffer (pH 7.4) at 
37°C for 15 min. The infracted areas were dis-
played as the area unstained by TTC [36]. The 
extents of the necrosed areas were quantified 
by two independent and blind observers. Total 
area of infarct and risk areas were then calcu-
lated and expressed as a percentage of the 
whole heart area. The slices were then photo-
graphed for further analysis.

Assessment of reactive oxygen species (ROS) 
production

At the end of reperfusion, heart homogenates 
for ROS analysis were prepared in ice-cold 
saline and the obtained supernatant centri-
fuged at 3000 rpm for 15 min then assayed 
using a BCA protein assay kit standardized to 
BSA. ROS production was determined by oxida-
tion of 2’, 7’-dichlorouoresce in diacetate 
(CMDCF-DA) (invtrogen Lot NO. 1220683). The 
heart homogenates in each group were incu-
bated with 0.5 μ mol/L DCFH-DA at 37°C for 30 
min. The fluorescence was detected by EnSpire 
Multimode Plate Reader (PerkinElmer, USA) 
excited at 488 nm and the emitted at 525 nm.

Determination of MDA, SOD and GSH-PX activ-
ity in isolated heart homogenates

Heart homogenates for SOD, MDA and GSH-PX 
assay were done as previously described and 
the supernatant obtained after centrifugation 
at 3000 rpm for 15 min. MDA, SOD and GSH-PX 
activity in these samples were determined 
using commercially available kits by EnSpire 

Figure 1. Langendorff protocol. Baseline: 20 minutes stabilization with KH 
buffer. Drug treatments: the heart was perfused with 1 µM, 10 µM DSS for 
10 min before ischemia. Ischemia/reperfusion: 30 min global ischemia 
achieved by breaking off KHs perfusion, followed by 30 min reperfusion. 

effluent which was collected 
before ischemia, at 5, 10, 20 
and 30 min of reperfusion, as 
previously described [35]. 
And they were spectrophoto-
metrically assayed by using 
commercial kits. CK and LDH 
levels were expressed in units 
per liter of coronary effluents.

Determination of myocardial 
infarction size

After 30 min reperfusion, 
hearts were removed from 
Langendorff apparatus, aor-
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Multimode Plate Reader (PerkinElmer, USA) at 
different absorbance.

Real time quantitative RT-PCR analysis

After 30 min reperfusion period, total RNA was 
isolated from left ventricular myocardial tissue 
by using Trizol reagent according to the stan-
dard protocol. Total RNA was reverse tran-
scribed in 20 μl of a reaction mixture that con-
tained Reverse Transcriptase, Reaction Buffer 
of 5× concentration, RNase inhibitor, DNTP 
mix, Random Hexamer Primer, using 
Transcriptor First Strand cDNA Synthesis Kit 
(Roche), run at 25°C for 10 min, 50°C for 1 h, 
85°C for 5 min and stored at 4°C. Quantification 
of gene expression was performed with real-
time quantitative RT-PCR machine (Real-Time 
PCR System, Bio-Rad, USA), using Fast Start 
Universal SYBR Green Master Mix Kit (Roche) 
and the specific primers (Table 1). The 25 μl 
total volumes in PCR consisted of specific prim-
er (0.2 μM final concentrations), 50 ng of CNDA 
template, 2× SYBR Green master mix and 
water, PCR-grade. Amplification was performed 
under the following cycle conditions: 10 min at 
95°C, 40 cycles of 15 s denaturation at 95°C, 
and annealing at 60°C for 40 s. The threshold 
cycle (CT) value was determined and the rela-
tive mRNA expression of the genes was calcu-
lated as follows: 2-ΔΔCT with ΔΔCT = CTGAPDH-CT 
gene of interest. Negative control the reaction 
mixture was run without cDNA. And analysis 
carried out in triplicates.

Western blotting analysis

After 30 min global ischemia and 10 min reper-
fusion, heart great vessels and atria were 
trimmed away and the ventricles were cut open, 

weighed, and then snap-frozen and stored at 
-80°C awaiting analysis. Proteins were extract-
ed with ice-cold lysis buffer and centrifuged at 
12000× g, 10 min, and the resultant superna-
tant assayed using BCA protein assay kit stan-
dardized to BSA. Equal amounts of total protein 
(40 µg) were loaded and then separated by 
sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to 
PVDF membrane. The membranes were then 
blocked in 5% TBST fat free milk (blocking buf-
fer) for 2 h, shortly washed and incubated over-
night at 4°C with specific primary antibodies 
against Akt, p-Akt (Ser473) (1:1000 dilution), 
ERK 1/2, p-ERK 1/2 (Thr202/Tyr204) (1:1000 
dilution) and Nrf2 (C-20) (1:500 dilution). Anti-
rabbit secondary antibody (1:10000 dilution) 
was then used and incubated for 2 h. Proteins 
were detected using a chemiluminescence 
(ECL) system, according to the manufacturer’s 
instructions. Band intensities were quantified 
using Imaging System Analysis software 
(VersaDoc Mp5000, BIO-RAD). Relevant band 
intensities were quantified after normalization 
to the amount of GAPDH protein as positive 
control.

Results

Effect of DSS on cardiac function in 
Langendorff isolated rat hearts 

The analysis of hemodynamic parameters on 
cardiac function was as in Figure 2. At the 
baseline, there was no significant difference 
observed in the coronary flow (CF), heart rate 
(HR) and left ventricular developed pressure 
(LVDP). Compared to control, CF at 5, 10, 20 
and 30 min reperfusion and HR, LVDP and the 
recovery rate of ± dp/dt max at the end of 
reperfusion period were decreased significantly 
in the I/R group. The results also showed that 
the recovery of cardiac function in I/R was aug-
mented by DSS pretreatment, as evidenced by 
the significant increase of CF, HR, LVDP and the 
recovery of ± dp/dt max. These results suggest-
ed that DSS could contribute to the recovery of 
cardiac function after ischemia and reperfu-
sion and increase the tolerance of hearts 
against I/R injury in a concentration-dependent 
manner.

Protective effect of DSS on myocardial infarct 
size and CK, LDH release

The infarct size of hearts in the DSS 1 µM and 
10 μM groups averaged to 34.90 ± 9.15% and 

Table 1. Primer Sequences for Cu/Zn SOD, CAT, 
HO-1, Nrf2 and GAPDH for RT-PCR analysis
Primers Sequences (5’-3’)
Cu/Zn SOD Forward AGATGACTTGGGCAAAGGTG

Reverse CAATCCCAATCACACCACAA
CAT Forward ACATGGTCTGGGACTTCTGG

Reverse CCATTCGCATTAACCAGCTT
HO-1 Forward CACGCATATACCCGCTACCT

Reverse CCAGAGTGTTCATTCGAGCA
Nrf2 Forward TTCCTCTGCTGCCATTAGTCAGTC

Reverse GCTCTTCCATTTCCGAGTCACTG
GAPDH Forward ATGATTCTACCCACGGCAAG

Reverse CTGGAAGATGGTGATGGGTT



Danshensu against ischemia reperfusion injury via Akt/ERK1/2/Nrf2 signaling

14797 Int J Clin Exp Med 2015;8(9):14793-14804

24.00 ± 6.35%, respectively, which reduced 
significantly in the I/R group (43.29 ± 5.86%) 
(Figure 4). It demonstrated that DSS could have 
reduced the percentage of the infarct area. CK 
and LDH in coronary effluent during the base-
line and after 5, 10, 20 and 30 min of reperfu-
sion in the four experimental groups were as 
shown in Figure 3. There was no significant dif-
ference in the baseline values of CK and LDH in 
the four groups. It was obvious that the levels of 
CK and LDH levels significantly increased in 
early stage of reperfusion and reached the 
peak in 20 min reperfusion. In contrast to I/R 
group, pretreatment with DSS at 10 μM for 10 
min before ischemia significantly decreased 
LDH and CK release in the previous four reper-
fusion times. These results confirmed that DSS 
protected the heart from ischemia reperfusion 
injury.

DSS mediates cardioprotection against oxida-
tive stress

Reactive Oxygen Species are the major contrib-
utors to I/R injury and its overproduction was 

found to be deleterious to the heart. Many stud-
ies have shown that the treatment of antioxi-
dants or ROS scavengers could attenuate I/R 
injury. Therefore, we evaluated whether DSS 
mediated cardioprotection could be partially 
attributed to a decrease in oxidative stress 
mediated by ROS generation. Ischemia/reper-
fusion induced a significant increase in ROS in 
I/R group, which reflected by increased DCFDA 
fluorescence (Figure 5A). This effect was great-
ly attenuated by pretreatment of DSS.

Under normal circumstances, basal generation 
of ROS efficiently detoxified by endogenous 
enzymatic antioxidants such as SOD, GSH-Px 
and CAT. However, during ischemia/reperfusion 
injury, excess ROS generation exceeds the 
capacity of endogenous oxidant defense mech-
anisms hence leading to deleterious ROS-
mediated oxidative stress injury. We therefore 
proposed that DSS affected activity of the anti-
oxidant enzymes by increasing the levels of 
SOD, GSH-Px and decreasing the level of MDA. 
Compared to control group, MDA levels in I/R 
group was markedly increased, while SOD and 

Figure 2. Effects of DSS on cardiac functional parameters in isolated rat hearts. The hearts underwent 20 min of 
stabilization, 30 min of ischemia and 30 min of reperfusion, drugs were administered before ischemia for 10 min. 
A. Coronary flow (CF); B. The recovery rate of maximal and minimum rate of pressure development (± dp/dt max, %) 
at the end of reperfusion period; C. Heart rate (HR) at the stabilization and the end of reperfusion; D. Left ventricular 
developed pressure (LVDP) at the stabilization and the end of reperfusion. Data expressed as mean ± SD, n = 8. #P 
< 0.05, ##P < 0.01 versus Control group. *P < 0.05, **P < 0.01 versus I/R group.
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GSH-PX levels greatly reduced. This was a sign 
that oxidative stress took place. After pretreat-
ment with 10µM DSS, MDA levels were greatly 
lowered in comparison to I/R group, while SOD 
and GSK-PX had a great activity (Figure 5B-D). 
Subsequently RT-PCR was done to quantify the 
expression of Cu/Zn SOD, CAT, HO-1 and Nrf2 
mRNA expression DSS pretreated isolated rat 
hearts. DSS at 1 and 10 μM significantly unreg-

ulated Cu/Zn SOD, CAT, HO-1 and Nrf2 mRNA 
expression compared to I/R group (Figure 6).

DSS activated the Nrf2 signaling pathway 
which was mediated by Akt and ERK1/2

Ischemia/reperfusion injury can also activate 
the transcription factors, crucial regulators 
against oxidative stress, which regulates ROS 

Figure 3. Effects of DSS on the level of marker enzymes from the coronary effluents. A. Effects of DSS on CK and 
LDH release in the coronary effluent of isolated rat hearts following ischemia and reperfusion (I/R). B. CK and LDH 
release in the coronary effluent at 20 min reperfusion. Data expressed as mean ± SD, n = 8. #P < 0.05, ##P < 0.01 
versus Control group. *P < 0.05, **P < 0.01 versus I/R group. 

Figure 4. Effects of DSS on myocardial infarction size. Infarct size was evaluated by triphenyltetrazolium chloride 
staining following 30 min global ischemia and 30 min reperfusion in isolated rat hearts model. Data expressed as 
mean ± SD, n = 6. #P < 0.05, ##P < 0.01 versus Control group. **P < 0.01 versus I/R group. 
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detoxifying and antioxidant genes responsible 
in controlling the mitochondrial redox homeo-
stasis. To explore the molecular mechanism in 
which DSS can ameliorate the protection 
against ischemia reperfusion injury, the poten-
tial involvement of the well-known Akt, ERK1/2 
and Nrf2 pathways was confirmed by western 
blot analysis in Figure 7. Myocardial samples 
taken from left ventricular on pretreatment 
with DSS revealed a significant increase of Akt 
and ERK1/2 phosphorylated and Nrf2 levels 
compared to I/R group. This data confirmed the 
findings that DSS activated Nrf2 signaling path-
way via the Akt and ERK1/2 to protect hearts 
against ischemia reperfusion injury.

Discussion 

The recovery of cardiac function, myocardial 
enzyme release and infarct size measurement 
have been considered endpoints for ischemia 
reperfusion injury evaluation. Pretreatment 
with DSS however resulted in decreased I/R 

injury, intracellular calcium influx and excess 
ROS generation, this led to an improved cardiac 
function. In the present study, this was reflect-
ed by the reducing necrotic damage (LDH and 
CK release) and decreasing infarct size. Without 
such protection, there will be additional necro-
ses cells, leading to plasma membrane disrup-
tion, ions homeostasis loss and myocardiac 
enzymes release. Cardiodynamics, including 
HR, LVDP and ± dp/dt max, alongside with I/R 
injury measurement are considered improve-
ment parameters of left ventricular function in 
isolated rat hearts [37, 38]. From this study, 
HR, LVDP and the recovery rate of ± dp/dt max 
at the end of reperfusion period were increased 
significantly by DSS pretreatment. These data 
suggested that DSS could ameliorate cardiac 
function after I/R injury.

In another work, Reactive Oxygen Species over-
production was found to be deleterious to the 
heart and could lead to myocardial I/R injury. At 
this process, low levels of superoxide anion, 

Figure 5. Effects of DSS on the contents of ROS, MDA, SOD, and GSH activity after 30 min reperfusion in isolated 
hearts homogenate. A. The content of ROS; B. The content of MDA; C. The activity of SOD; D. The activity of GSH-
PX. Data expressed as mean ± SD, n = 6. #P < 0.05, ##P < 0.01 versus Control group. **P < 0.01 versus I/R group. 
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hydrogen peroxide, hydroxyl radical and NADPH 
oxidizes damage the electron transport chain in 
the myocardium. During early reperfusion, the 
presence of oxygen enhances, a large burst of 
ROS which plays a pivotal role in the reperfu-

sion and this has contributed to deleterious oxi-
dative stress [6, 39].

Several studies have shown that the myocardi-
um possesses ROS scavengers or endogenous 

Figure 6. Evaluation of anti-oxidant enzymes by RT-PCR after 30 min reperfusion in isolated hearts pretreated with 
DSS at 1 and 10 μM. The data were normalized to GAPDH. A. The expression of Cu/Zn SOD mRNA; B. The expression 
of CAT mRNA; C. The expression of HO-1 mRNA; D. The expression of Nrf2 mRNA. Data expressed as mean ± SD, n 
= 6. #P < 0.05, ##P < 0.01 versus Control group. **P < 0.01 versus I/R group. 

Figure 7. Western blotting results of Akt, p-Akt, ERK1/2, p-ERK1/2 and Nrf2 in different groups. A. Representatives 
of Western blotting. B. Expressions of phosphorylated Akt, ERK1/2 and Nrf2. Data expressed as mean ± SD, n = 3. 
#P < 0.05, ##P < 0.01 versus Control group. *P < 0.05, **P < 0.01 versus I/R group. 
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antioxidant defenses such as SOD, GSH-PX, 
and CAT that could detoxify ROS and attenuate 
ischemia-reperfusion injury [40, 41]. On DSS 
pretreatment, especially at 10 μM, MDA levels 
significantly decreased compared to I/R group, 
while the activity of SOD and GSK-PX increased. 
This implies that DSS have cardio protective 
effect on isolated heart against oxidative stress 
during I/R injury.

Nrf2 signaling pathway is a very important 
pathway studied so far in preventing cell dam-
age caused by oxidative stress. Under oxidative 
stress conditions, Nrf2 accumulates and trans-
locates into the nucleus where it markedly up-
regulates expression of antioxidant response 
element (ARE) sequence of phase II detoxifying 
and antioxidant enzyme genes, including heme 
oxygenase (HO-1), quinone oxidoreductase 1 
(NQO1), glutathione peroxidase (GPX), SOD and 
CAT. They therefore play a major role antioxi-
dant defense and detoxification of ROS pro-
duced during I/R [42-44]. In this study, DSS at 
1 and 10 μM significantly enhanced Cu/Zn 
SOD, CAT, HO-1 and Nrf2 mRNA expression 
compared to I/R group. This data suggested 
that DSS can protect against I/R injury via the 
upregulation of antioxidant defense genes.

Other studies had substantially demonstrated 
that activation of the Reperfusion Injury Salvage 
Kinase (RISK) pathway which is a group of sur-
vival protein kinases including PI3K/Akt and 
ERK1/2 known to possess cardioprotection 
activity, when specifically activated during myo-
cardial reperfusion. Akt, one of the Protein 
Kinases B (PKB) is best described as survival 
kinases that is activated by receptor ligands, 
and its phosphorylation preserves mitochon-
drial integrity thereby protecting the cardiac 
cells against necrosis and apoptosis [45]. 
Phosphatidylinositol 3-kinase (PI3K)/Akt cas-
cade during reperfusion have been proposed to 
play a key role in IP-mediated cardioprotection 
[46]. 

Evidence shows that the activation of extracel-
lular signaling-regulated kinase1/2 (ERK1/2) 
signaling pathway during ischemia/reperfu-
sion. ERK1/2 activation suppresses apoptosis 
and promotes cell survival and then protect 
impaired cardiac function and cardiac injury 
[47, 48].

The PI3K/Akt and ERK1/2 pathway both play 
critical roles in promoting cell survival in the 

heart, which are known to modify Nrf2 activity 
and enhance its translocation into nucleus in 
response to oxidative stress [49, 50]. The previ-
ous study shown that cardio protective effects 
of Danshensu and paeonol combination on 
isoproterenol-induced myocardial infarction in 
rats by the enhancing their antioxidant defense 
system through activating of Nrf2 signaling 
[51]. Another study suggested that Danshensu 
could provide significant cardioprotection 
against MI/R injury, and the potential mecha-
nisms might to suppression of cardiomyocytes 
apoptosis through activating the PI3K/Akt and 
ERK1/2 signaling pathways [22]. From our 
investigation, myocardial samples taken from 
left ventricular pretreated with DSS revealed a 
significant increase in Akt and ERK1/2 phos-
phorylation and Nrf2 levels. These findings sug-
gested that the underlying mechanisms of the 
cardioprotective effects of DSS involved activa-
tion of Akt/ERK1/2/Nrf2 signaling during isch-
emia reperfusion.

This study demonstrated a cardioprotective 
effect of Danshensu on isolated heart against 
oxidative stress during ischemia reperfusion 
injury, and the underlying mechanisms might 
be associated with the enhancement of antioxi-
dant defense system by activating Akt/
ERK1/2/Nrf2 signaling pathways.
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