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Abstract. Hydroxysafflor Yellow A (HSYA) may reduce 
ischemia/reperfusion (I/R) injury. However, the underlying 
molecular mechanisms remain unclear. The present study 
explored the effect and the mechanisms of HSYA on myocar-
dial injury in vivo and in vitro. Myocardial infarct size was 
assessed by Evans blue/2,3,5‑triphenyltetrazoliumchloride 
staining. Levels of cardiac troponin I (cTnI), interleukin‑6 
(IL‑6), lactate dehydrogenase (LDH), superoxide dismutase 
(SOD) and malondialdehyde (MDA) were measured using 
commercial kits. Alteration of mitochondrial membrane poten-
tial (MMP) and reactive oxygen species (ROS) generation was 
determined by fluorescent signals. Apoptosis was detected 
by terminal deoxynucleotidyl‑transferase‑mediated dUTP 
nick‑end labeling staining, flow cytometry assay and caspase‑3 
activity. Expression levels of the apoptosis‑associated proteins 
were detected by reverse transcription quantitative polymerase 
chain reaction and western blot analysis. In vivo, animals 
treated with HSYA presented less severe myocardial injury 
and decreased janus kinase 2 (JAK2)/signal transducer and 
activator of transcription 1 (STAT1) activity, improved antioxi-
dant capacity and decreased apoptosis. In vitro, compared with 
the hypoxia (H)/reoxygenation (R) + HSYA group, AG490 and 
S1491 treatment decreased the releases of cTnI, IL‑6 and LDH 
and enhanced the resistance to oxidative stress by maintaining 
MMP and decreasing ROS generation. In addition, AG490 
and S1491 were also identified to alleviate the H/R‑induced 
apoptosis by inhibiting caspase 3 activity and modulating 
the expression levels of cleaved caspase‑3, tumor necrosis 
factor receptor superfamily member 6 (Fas), Fas ligand, 

B‑cell lymphoma 2 (Bcl‑2) and Bcl‑2‑associated X protein. 
These data suggested that inactivation of the JAK2/STAT1 
pathway strengthened the HSYA‑induced protective effect in 
H/R‑induced myocardial injury. In conclusion, the treatment 
of HSYA was effective in decreasing IR‑induced myocardial 
injury, and this may be largely dependent on the JAK2/STAT1 
pathway. Therefore, the present study provided a potential 
strategy to prevent myocardial I/R injury.

Introduction

Myocardial ischemia and reperfusion (I/R) injury is a primary 
risk factor for causing myocardial infarctions (MI), which is the 
most common cause of mortality in developed countries (1‑3). 
It has been estimated that ~15.9 million individuals worldwide 
suffered from MI in 2015 (4). Although reperfusion therapy 
has been demonstrated to be able to restore impaired cardiac 
function and to mitigate the infarct size following ischemic 
events, the additional tissue injury caused by reperfusion is 
almost inevitable (5).

Multiple mechanisms are hypothesized to be involved in 
I/R injury (1). The inflammatory response to I/R is common in 
myocardial I/R injury (6). Various cytokines will be released 
during the inflammation reactions (7). Reactive oxygen species 
(ROS) generation also occurs in the myocardium; however, if 
ROS cannot be cleared promptly, intracellular oxidative stress 
will be initiated, finally leading to cell apoptosis. Cellular 
apoptosis is known to be triggered shortly following MI, and 
it is evidently increased during reperfusion (8,9). Apoptosis 
has been recognized as a crucial factor in the progression of 
I/R injury in cultured myocardial cells (10,11). Therefore, a 
decrease in inflammation, ROS generation and/or apoptosis 
may be therapeutic targets against I/R injury. Various apop-
tosis pathways, including the mitochondrial pathway and 
the tumor necrosis factor receptor superfamily member 6 
(Fas)/Fas ligand (FasL) death receptor‑mediated pathway, have 
been demonstrated to be essential for the apoptosis observed in 
the myocardium following I/R (11‑14). Therefore, depressing 
apoptotic signaling may be a promising strategy to decrease 
I/R injury.

Carthamus tinctorius L. has been applied extensively in 
the treatment of cerebrovascular and cardiovascular diseases. 
Hydroxysafflor Yellow A (HSYA) is the primary active compo-
nent of this compound, commonly used in Chinese medicine. 
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The antioxidant effect of HSYA has been validated (15), and it 
has been demonstrated that HSYA may improve I/R injury by 
decreasing oxidative stress in brain tissue (16). Nevertheless, 
the mechanisms of HSYA‑mediated protection from I/R injury 
are not completely understood.

The Janus kinase (JAK)/signal transducers and activa-
tors of transcription (STAT) pathway is able to modulate 
stress‑responsive gene expression (17,18). The phosphorylation 
of STATs mediated by JAK triggers alteration of gene tran-
scription (19,20). In addition, STATs have been demonstrated 
to regulate apoptosis in multiple cell types  (21). Previous 
studies identified that STATs may modulate the opening of 
mitochondrial permeability transition pores (22,23). In addi-
tion, activation of JAK/STAT signaling was identified in 
the development of renal I/R injury, in which the release of 
inflammatory promotion factors was enhanced (24). Previous 
data have also demonstrated that STAT1 is able to induce the 
expression levels of pro‑apoptotic genes including Fas and 
FasL (25), and to repress the expression levels of anti‑apoptotic 
gene including B‑cell lymphoma 2 (Bcl‑2) (26).

The present study was undertaken to examine the potential 
role of HSYA in myocardial I/R injury in vivo and in vitro. 
Furthermore, considering the crucial role of JAK/STAT1 in 
tissue protection, the potential role of this signaling pathway 
in HSYA‑mediated protection against myocardial I/R injury 
was also examined.

Materials and methods

Chemical preparation. HSYA powder (95‑99.0% purity, 
determined by high performance liquid chromatography) 
was obtained from Shanghai Yuanye Biotechnology Co., Ltd. 
(Shanghai, China). Sodium pentobarbital was obtained from 
Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany). Cardiac 
troponin I (cTnI; cat. no. ml059498) and interleukin‑6 (IL‑6; 
cat. no. ml064292) ELISA kits were obtained from Shanghai 
Enzyme‑linked Biotechnology Co., Ltd. (Shanghai, China). 
The superoxide dismutase (SOD; cat. no.  S0101), lactate 
dehydrogenase (LDH; cat. no. C0016) and malondialdehyde 
(MDA; cat. no. S0131) kits were purchased from Beyotime 
Institute of Biotechnology (Haimen, China). Dulbecco's modi-
fied Eagle's medium (DMEM) and other cell culture reagents 
were purchased from Gibco; Thermo Fisher Scientific, Inc. 
(Waltham, MA, USA). Evans blue and 2,3,5‑triphenyltetra-
zolium chloride (TTC) were obtained from Sigma‑Aldrich; 
Merck KGaA. The specific inhibitors of JAK2 and STAT1 
(named AG490 and S1491, respectively) were purchased 
from MedChemExpress (Monmouth Junction, NJ, USA). The 
antibodies used were purchased from Abcam (Cambridge, 
MA, USA) and Cell Signaling Technology, Inc. (CST, Inc.; 
Danvers, MA, USA), and were as follows: Anti‑cleaved 
caspase (cat. no. ab49822; dilution, 1:500; Abcam), anti‑Fas 
(cat. no.  ab82419; dilution, 1:1,000; Abcam), anti‑FasL 
(cat. no. ab15285; dilution, 1:500; Abcam), anti‑Bcl‑2 (cat. 
no. ab59348; dilution, 1:1,000; Abcam), anti‑Bcl‑2‑associated 
X protein (Bax; cat. no. ab32503; 1:3,000; Abcam), anti‑ phos-
phorylated (p)‑JAK2 (cat. no. 4406; dilution, 1:1,000; CST, 
Inc.), anti‑p‑STAT1 (cat. no. 7649; dilution, 1:1,000; CST, 
Inc.), anti‑β‑actin (cat. no. ab8226; dilution, 1:5,000; Abcam), 
anti‑GAPDH (cat. no.  ab9385; dilution, 1:1,000; Abcam) 

and horseradish peroxidase (HRP)‑conjugated secondary 
antibodies (cat. no. ab205718; dilution, 1:5,000; Abcam).

I/R model in vivo. The present study was performed, according 
to the Guide for the Care and Use of Laboratory Animals, 8th 
Edition (27) and approved by the Animal Subjects Committee 
of the Affiliated Hospital of Hangzhou Normal University 
(Hangzhou, China). The experiments were performed on 
40  healthy adult male Sprague‑Dawley rats (weighing 
250±20 g; 2 months old) obtained from Guangdong Medical 
Laboratory Animal Center (Foshan, China). The animals 
were housed in a pathogen‑free environment and maintained 
following standard laboratory animal feeding protocols. The 
animals had ad libitum access to food and water in a light/dark 
cycle (12/12 h). The animals were given 2 weeks to acclimate 
prior to the experiments. The local myocardial I/R model 
was constructed as follows: The animals were anesthetized 
by intraperitoneal administration of sodium pentobarbital 
(60  mg/kg); ligation of the anterior descending thoracic 
branch of the coronary artery was performed for 30 min prior 
to 2 h of perfusion. The animals were randomly divided into 
four groups, which were: Control (control), which comprised 
rats without I/R treatment; the Sham operated group (sham), 
in which open heart surgery was performed but the anterior 
descending branch of the coronary artery was not ligated; 
the I/R group (I/R), which included rats that underwent I/R 
treatment; and the I/R+HSYA group (I/R+H), which included 
rats that underwent I/R treatment, but 5 mg/kg HSYA was 
intraperitoneally injected 30 min prior to ischemia. As previ-
ously described and following our preliminary experiments, 
concentration of HSYA was determined (28,29). Following 
perfusion, the anesthetized animals were prepared for subse-
quent experiments. Finally, the animals were sacrificed by 
intraperitoneal injection of sodium pentobarbital (200 mg/kg). 
Mortality was verified by lack of visible signs of respiration 
and measurable heartbeat.

I/R model in  vitro. H9c2 cells (American Type Culture 
Collection, Manassas, VA, USA) were cultured in DMEM 
medium containing fetal bovine serum (10%) and strepto-
mycin/penicillin (1%) in an incubator with 5% CO2. The cells 
were seeded at a density of 2.5x103 cell/well. The cells were 
randomly grouped as follows: i) Control group (control); ii) the 
hypoxia/reoxygenation group (H/R); iii)  the H/R +20 µM 
HSYA group (H/R + H); iv) the H/R +10 µM AG490 group 
(H/R  +  A); v)  the H/R +10  µM AG490 +20  µM HSYA 
(H/R + H + A) group; and vi) the H/R +5 µM S1491 +20 µM 
HSYA (H/R + H + S1491) group. As previously described 
and following our preliminary experiments, the doses of each 
agent were selected (29‑32). The cells were collected for the 
following experiments.

Infarct size measurement. As described previously, the risk 
area and infarct size was calculated using a double‑staining 
method with TCC and Evans blue stains  (33). In brief, 
following perfusion, the heart was perfused with 3% Evans 
blue to indicate the area at risk (AAR). Then, the tissues 
were incubated with 2% TTC solution in the dark at 37˚C for 
15 min, and then were then stored in 4% paraformaldehyde 
overnight at 4˚C to demarcate the infarct area. Areas with 
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non‑perfusion and blue staining were considered AAR, while 
areas with non‑perfusion with TTC staining were labeled as 
the infarct area. The AAR and infarct area were calculated 
using Image‑Pro Plus software V6.0 (Media Cybernetics, Inc., 
Rockville, MD, USA). The infarct size was measured as a 
percentage of the infarct area over the AAR.

Analysis of myocardial damage and oxidative stress markers. 
Following reperfusion, blood samples in rats and cells in the 
culture medium were harvested. The blood and cells were then 
centrifuged at 3,000 x g for 15 min at room temperature to 
obtain sera and cell supernatant. The levels of cTnI, IL‑6 and 
LDH release were examined to estimate myocardial damage. 
The levels were measured using commercially available 
ELISA kits according to the manufacturer's protocol. The 
absorbance was read on a microplate reader (Thermo Fisher 
Scientific, Inc.). The serum and the cell culture supernatant 
were also used to estimate oxidative stress markers, including 
the content of MDA and the activity of SOD, which were 
detected with commercial assay kits using fluorescence spec-
trophotometry (F‑7100; Hitachi, Ltd., Tokyo, Japan) following 
the manufacturer's protocols.

Detection of myocardial apoptosis. A terminal deoxynucleo-
tidyl transferase‑mediated dUTP nick‑end labeling (TUNEL) 
assay and flow cytometry analysis were performed to detect 
the apoptosis levels in heart tissue and cardiomyocytes, 
respectively. The heart tissue was fixed in 4% paraformal-
dehyde for 10 min at room temperature and embedded in 
paraffin. The tissue was subsequently cut into 4‑5 µm sections, 
and the slides were incubated with TUNEL mixture reagent 
(Sigma‑Aldrich; Merck KGaA) at 37˚C for 1 h. The cells 
were also incubated with DAPI (1 µg/ml) for 30 min at room 
temperature to stain the nuclei. ProLong™ Gold Antifade 
Mountant (cat. no. P36930; Thermo Fisher Scientific, Inc.) 
was used to prevent photo‑bleaching. The apoptotic cells in 
≥6 fields were randomly selected. The percentage of apop-
tosis was calculated as the number of TUNEL‑positive cells 
within the total populations of cardiomyocytes. The images 
and the ratios were obtained using an Olympus fluorescence 
microscope (BX51; Olympus Corporation, Tokyo, Japan) and 
ImageJ software (version 2.0.0; National Institutes of Health, 
Bethesda, MD, USA), respectively. An Annexin V‑fluorescein 
isothiocyanate (FITC) and propidium iodide (PI) staining kit 
(BD Biosciences, San Jose, CA, USA) was used to assess cell 
apoptosis in vitro according to the manufacturer's protocols. 
The collected cells were stained with 5 µl Annexin V‑FITC 
and 10 µl PI in the dark at room temperature for 10‑15 min. 
Apoptosis was determined by a FACSCalibur flow cytometer 
(BD Biosciences) and analysis software BD CellQuest™ Pro 
Software version 1.2 (BD Biosciences).

Cell viability and caspase‑3 activity. The cells (5x103 per well) 
were seeded in a 96‑well plate and treated as described. Next, 
the cells were incubated with Cell Counting Kit‑8 (CCK‑8; 
Beyotime Institute of Biotechnology) reagent (10 µl) at 37˚C 
in an incubator for 3 h. The absorbance was determined on a 
microplate reader (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA) at 450 nm. Caspase‑3 activity (cat. no. 69‑21755; MSK 
Laboratory, Wuhan, China) was determined in the cell lysate 

by conducting an ELISA assay. The treated cells were collected 
and plated in a 96‑well plate. Cell lysates were subject to 
protein quantitation using a Bicinchoninic Acid Protein Assay 
kit (Bio‑Rad Laboratories, Inc.) prior to detection. Each well 
was incubated with substrate solution. Then, the 96‑well plate 
was maintained at 37˚C for 30 min. Finally, the reaction was 
terminated with a stop solution. A microplate reader was used 
to read the absorbance at a wavelength of 405 nm.

Determination of mitochondrial membrane potential (MMP) 
and ROS generation. The alteration of MMP was measured 
by Rhodamine‑123 (Rho‑123) dye (Sigma‑Aldrich; Merck 
KGaA). Following reperfusion, the cells were incubated 
with 10 µg/ml Rho‑123 working buffer at 37˚C for 30 min. 
The cells were then washed, and analyzed using a flow 
cytometer and BD Accuri™ C6 software (BD Biosciences). 
Subsequently, 2,7‑dichlorofluorescein diacetate (DCFH‑DA) 
dye (Sigma‑Aldrich; Merck KGaA) was used to detect the 
ROS level. Briefly, prior to fixation with 4% paraformaldehyde 
at room temperature for 15 min, the cells were stained with 
20 µM DCFH‑DA at 37˚C for 30 min. ROS generation was 
then determined at wavelength 488 nm using a fluorescence 
plate reader (BioTek Instruments, Inc., Winooski, VT, USA).

Reverse transcription quantitative polymerase chain reac‑
tion (RT‑qPCR). Cells were pretreated as described. The total 
RNA was isolated with TRIzol® reagent (Thermo Fisher 
Scientific, Inc.). DNaseI was used to digest the genomic DNA. 
Reverse transcription was completed with random hexamer 
primers using a Moloney‑Murine Leukemia Virus Enzyme 
(Promega Corporation, Madison, WI, USA). RT‑qPCR was 
performed on ABI Prism 7500 using the SYBR Premix Ex 
Taq II (Takara Bio, Inc., Otsu, Japan). The qPCR conditions 
were set as follows: 10 min pretreatment at 95˚C, 96˚C for 
15 sec, 63˚C for 45 sec (35 cycles) and a final extension at 75˚C 
for 10 min. The specific PCR primers used were as follows: 
Fas forward, 5'‑CCA​GCC​ACA​AAG​AGA​GGA​GA‑3'; Fas 
reverse, 5'‑AAC​GGT​TCC​TCT​CAA​CAC​CT‑3'; FasL forward, 
5'‑TGC​TGT​GTG​ACA​ATG​CAG​AG‑3', FasL reverse, 5'‑GAG​
CCT​CCT​TTC​TCA​CCC​TT‑3'; Bcl‑2 forward, 5'‑CCT​GGC​
ATC​TTC​TCC​TTC​CA‑3'; Bcl‑2 reverse, 5'‑GGA​CAT​CTC​
TGC​AAA​GTC​GC‑3'; Bax forward, 5'‑TGG​CCT​CCT​TTC​
CTA​CTT​CG‑3'; Bax reverse, 5'‑AAA​ATG​CCT​TTC​CCC​GT 
T​CC‑3'; β‑actin forward, 5'‑TCT​ATG​AGG​GTT​ACG​CGC​TC‑3'; 
β‑actin reverse, 5'‑GCT​GTG​GTG​GTG​AAG​CTG​TA‑3'. The 
2‑ΔΔCq method was used to quantify gene expression levels (34).

Western blot analysis. The harvested cells were treated with 
radioimmunoprecipitation assay lysis buffer (Beyotime Institute 
of Biotechnology). A Bicinchoninic Acid Protein Assay kit 
(Bio‑Rad Laboratories, Inc.) was used to assess protein concen-
tration. Following denaturation in boiling water for 5 min, the 
proteins (20 µg/lane) were separated by electrophoresis on 10% 
SDS‑PAGE gels. Then, the cells were transferred onto a polyvi-
nylidene fluoride membrane. Subsequently, 5% skimmed milk 
was incubated with the membrane to block the non‑specific 
antigens at room temperature for 2 h. The primary antibodies 
were then added, to interact with the target proteins, at 4˚C over-
night. Next, the membrane was incubated with HRP‑coupled 
secondary antibodies at 4˚C for 1 h. Blots were visualized 
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using enhanced chemiluminescence reagent (Thermo Fisher 
Scientific, Inc.) An enhanced chemiluminescence system (GE 
Healthcare, Chicago, IL, USA) was adopted to detect the bands. 
The protein gray intensity was calculated using Quantity one 
software (4.6.2; Bio‑Rad Laboratories, Inc.).

Statistical analysis. GraphPad Prism Software 6 (GraphPad 
Software, Inc., La Jolla, CA, USA) was used for statistical 
analysis. Statistical analysis was conducted by one‑way 
analysis of variance with Dunnett's post‑test comparison. Data 
are presented as the mean ± standard deviation from three 
independent experiments. P<0.05 was considered to indicate a 
statistically significant difference.

Results

HSYA ameliorates myocardial I/R injury and oxidant stress 
in vivo. Infarct size and the release of cTnI and IL‑6 were 
measured to estimate the effect of HSYA on I/R injury. In 
contrast to the Sham group, animals in the I/R group exhibited 
a significant increase in myocardial infarct size. The infarct 
size was markedly decreased in the HSYA group in comparison 
with that in the I/R group (Fig. 1A and B). In addition, animals 
in the I/R group exhibited a marked increase in serum cTnI 
and IL‑6 levels, compared with those rats in the Sham group. 

Notably, the treatment with HSYA was associated with a minor 
increase in cTnI and IL‑6 levels compared with the I/R group 
(Fig. 2A and B). Furthermore, as a marker of tissue damage, 
the increased activity of LDH induced by I/R injury was 
decreased by the treatment with HSYA (Fig. 2C). In addition, 
the animals in the I/R group exhibited a noticeable increase in 
the content of MDA and a significant decrease in SOD activity 
compared with the Sham group. The administration of HSYA 
in animals with I/R injury exhibited cardio‑protective effects 
by alleviating oxidative stress (Fig. 2D and E).

HSYA decreases myocardial apoptosis in vivo. To estimate the 
effect of HSYA on apoptosis, the TUNEL‑positive cardiomyo-
cytes and the expression levels of apoptosis‑associated proteins 
were determined in vivo. The percentage of TUNEL‑positive 
cells was elevated in the I/R group in comparison with the 
Sham group. Compared with the I/R group, HSYA significantly 
decreased the number of TUNEL‑positive cardiomyocytes 
(Fig. 3A and B). In addition, the expression levels of pro‑apop-
totic proteins, including cleaved caspase‑3, Fas, FasL and Bax, 
were markedly induced by I/R. However, the administration 
of HSYA decreased their expression levels. Concomitantly, 
the level of anti‑apoptotic protein Bcl‑2 was decreased in 
the I/R group, but it was recovered in the I/R + HSYA group 
(Fig. 3C and D).

HSYA suppresses myocardial p‑JAK2 and p‑STAT1 protein 
expression levels. The expression levels of p‑JAK2 and 
p‑STAT1 were markedly increased in animals with I/R injury. 
No significant difference in the expression levels of total JAK2 
and STAT1 between Sham and I/R group was identified. The 
administration of HSYA decreased the levels of p‑JAK2 and 
p‑STAT1 (Fig. 4A‑D).

Inhibition of JAK2/STAT1 signaling HSYA prevents H9c2 
cardiomyocytes against I/R injury. CCK‑8 data indicated 
that compared with the control group, the cell viability was 
significantly inhibited following I/R injury, while pretreatment 
with HSYA or inhibitors of JAK2/STAT1 (AG490 or S1491) 
significantly rescued the cell viability (Fig. 5A). In addition, 
the release of cTnI and IL‑6 was decreased in the H/R group 
compared with the control group, while such a release was 
decreased by the pretreatment of HSYA, AG490 or S1491 
(Fig. 5B and C). The protective effect appeared more apparent 
in the HR + A + H or H/R + S + H group compared with the 
H/R + H group.

Inhibition of JAK2/STAT1 signaling strengthens the anti‑
oxidant effects of HSYA in H9c2. Data from the assays for 
MDA content and SOD activity demonstrated that I/R injury 
accelerated the rate of oxidative stress compared with the 
control. The MDA content and SOD activity were markedly 
decreased and recovered, respectively, in the group pretreated 
with HSYA. Although no significant difference was identified 
in the MDA content and SOD activity in H/R + S + H group 
when compared with those in the H/R + H group, the protec-
tive effects of HSYA were more significantly enhanced by the 
combined use with AG490 or S1491 (Fig. 6A and B). Loss of 
MMP may be associated with the disruption of redox status, 
which then leads to ROS‑triggered oxidative stress. The results 

Figure 1. Myocardial infarct size in I/R rats is decreased by HSYA. (A) The 
effect of HSYA was examined by double‑staining technique of 2,3,5‑triphe-
nyltetrazolium chloride and Evans blue. (B) The percentage of the AAR 
(IS/AAR%) was indicated the infarct size. **P<0.01 vs. control group; #P<0.05 
vs. I/R group. AAR, area at risk; I/R, ischemia/reperfusion; H/HSYA, 
Hydroxysafflor Yellow A.
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Figure 2. Effect of HSYA on indicators for myocardial injury and oxidative stress. The serum levels of (A) cTnI, (B) IL‑6, (C) LDH, (D) MDA and (E) SOD in 
rats. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. I/R group. I/R, ischemia/reperfusion; H/HSYA, Hydroxysafflor Yellow A; cTnI, cardiac 
troponin; IL‑6, interleukin 6; LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD, superoxide dismutase.

Figure 3. Effect of HSYA on myocardial apoptosis. (A) Representative TUNEL staining images in each group. Scale bar=100 µM. (B) Apoptosis was determined 
by the number of TUNEL‑positive cells. (C) Western blot analysis for the protein expression levels of cle cas‑3, Fas, FasL, Bax and Bcl‑2. (D) Densitometric 
analysis of the western blot analysis data. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. I/R group. I/R, ischemia/reperfusion; H/HSYA, 
Hydroxysafflor Yellow A; TUNEL, terminal deoxynucleotidyl transferase‑mediated dUTP nick‑end labeling; cle cas‑3, cleaved caspase‑3; Fas, tumor necrosis 
factor receptor superfamily member 6; FasL, Fas ligand; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein.
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Figure 5. Effect of inhibition of janus kinase 2/signal transducer and activator of transcription 1 on myocardial injury in vitro. (A) The cell viability was 
detected by Cell Counting Kit‑8 method. The levels of (B) cTnI and (C) IL‑6 were estimated by ELISA. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and 
##P<0.01 vs. H/R group; ^P<0.05 vs. H/R+H group. H/R, hypoxia/reoxygenation; H, Hydroxysafflor Yellow A; A, AG490; S, S1491; cTnI, cardiac troponin; 
IL‑6, interleukin 6.

Figure 4. Effect of HSYA on the JAK2/STAT1 pathway. (A) Western blot analysis of the protein expression levels of JAK2 and p‑JAK2. (B) Quantification 
of the western blot analysis data. (C) Western blot for the protein expression levels of STAT1 and p‑STAT1. (D) Quantification of the western blot analysis 
data. **P<0.01 vs. control group; #P<0.05 vs. I/R group. I/R, ischemia/reperfusion; H/HSYA, Hydroxysafflor Yellow A; JAK2, janus kinase 2; STAT1, signal 
transducer and activator of transcription 1; p, phosphorylated.
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indicated that the loss of MMP was all partially alleviated in 
H/R + A + H, H/R + H, H/R + A and H/R + S + H groups, 
compared with the control group. Consistently, the ROS 

contents in these groups were decreased compared with those 
in the control group. The ROS level was significantly decreased 
in the H/R + A + H and H/R + S + H groups, compared with 

Figure 6. Effect of inhibition of janus kinase 2/signal transducer and activator of transcription 1 on oxidative stress in vitro. The release of (A) MDA and 
(B) SOD. (C) The alteration of mitochondrial membrane potential was examined by flow cytometry analysis. (D) Quantification of Rho 123 cytometry 
data. (E) The reactive oxygen species production in H9c2 cells was detected by 2,7‑dichlorofluorescein diacetate fluorescence signals. *P<0.05 and **P<0.01 
vs. control group; #P<0.05 and ##P<0.01 vs. H/R group; ^P<0.05 and ^^P<0.01 vs. H/R+H group. H/R, hypoxia/reoxygenation; H, Hydroxysafflor Yellow A; 
A, AG490; S, S1491; MDA, malondialdehyde; SOD, superoxide dismutase; Rho 123, rhodamine 123.
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the H/R + H group. Although no significant difference was 
identified in the H/R + S + H group in comparison with that 
in the H/R + H group, the MMP level was also decreased in 
the H/R + A + H and H/R + S + H groups, compared with the 
H/R + H group (Fig. 6C‑E).

Inhibition of JAK2/STAT1 signaling enhances the anti‑​apoptotic 
effect of HSYA in H9c2. To confirm the effect of HSYA on apop-
tosis, the levels of apoptosis were detected by flow cytometry. 
The results revealed that the apoptosis rate was accelerated in 
the H/R group, while decreased cell apoptosis was identified in 
the H/R + A + H, H/R + H, HR + A and H/R + S + H groups 

compared with the H/R group (Fig. 7A and B). Furthermore, 
the caspase‑3 activity was decreased in the H/R + A + H, 
H/R + H, HR + A and H/R + S + H groups compared with 
the H/R group (Fig. 8A). Additionally, the expression levels of 
apoptosis‑associated factors were evaluated. The data from the 
in vitro analyses were compatible with those from the in vivo 
experiments, which demonstrated that the expression levels of 
pro‑apoptotic proteins (cleaved caspase‑3, Fas, FasL and Bax) 
were decreased and anti‑apoptotic protein Bcl‑2 was increased 
in the H/R + A + H, H/R + H, H/R + A and H/R + S + H groups 
compared with that in the H/R group (Fig. 8B and C). Similar 
results were obtained with regards to the mRNA expression 

Figure 7. Effect of inhibition of janus kinase 2/signal transducer and activator of transcription 1 on apoptosis in vitro. (A) The apoptosis of H9c2 was assessed 
by flow cytometry analysis. (B) Quantification of flow cytometry data. **P<0.01 vs. control group; ##P<0.01 vs. H/R group; ^P<0.05 vs. H/R+H group. H/R, 
hypoxia/reoxygenation; H, Hydroxysafflor Yellow A; A, AG490; S, S1491; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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levels of these apoptosis‑associated factors (Fig. 8D). Therefore, 
the treatment with AG490/S1491 enhanced the protective effect 
of HSYA.

Discussion

I/R injuries are one of the primary causes of MI (3). HSYA, 
the primary active component of Carthamus tinctorius L., has 
been suggested to be able to protect against multiple types of 
cell injuries (35,36). In the present study, the protective role of 
HSYA was demonstrated, following I/R injury in an in vivo 
animal model and in vitro experiments using cultured H9c2 
cells. The signaling pathway by which HSYA delivers its 
protective effect was also explored.

Infarct size is considered an important index in determining 
the severity of I/R injury in heart muscle (37). Therefore, the 
present study first determined the effects of HSYA on infarct 
size. With the administration of HSYA, the infarct size was 
decreased compared with the Sham group. In addition, the 
levels of cTnI and IL‑6, sensitive markers of cardiac injury (38), 
were decreased in the I/R+HSYA treatment group compared 
with the I/R group. Furthermore, the release of LDH, which 
may reflect the degree of I/R damage, was also decreased 
following pretreatment with HSYA, indicating that HSYA is 
capable of decreasing myocardial injury caused by I/R in vivo.

The mechanism by which HSYA realized its protective 
effects was then investigated. The increased production of free 
radicals and the decreased activities of antioxidant enzymes 
are closely associated with myocardial I/R injury (39). The 
disrupted redox status will trigger oxidative stress (OS). 
SOD and MDA are common indicators of OS. The former is 
responsible for decomposing O2 and H2O2, while the latter is 
the product of lipid peroxidation (40,41). The results from the 
present study revealed that these indicators of oxidative stress 
were alleviated by HSYA, indicating an antioxidant scavenger 
capacity of HSYA.

Apoptosis is involved in the destruction of cardiomyo-
cytes following I/R injury (29,42). It has been recognized 
that Bcl‑2 and Bax are essential proteins in apoptosis (29). 
The Bax/Bcl‑2 ratio regulates the cell sensitivity death 
signals by modulating the function of the mitochondria. 
Caspase‑3 is a key gene of the apoptotic pathways and may 
be processed into cleaved caspase‑3 (43). Additionally, the 
Fas/FasL death receptor‑mediated pathway may be activated 
in I/R injury (11‑14). In the present study, HSYA decreased 
cleaved caspase‑3, Fas and FasL levels, increased the 
Bcl‑2/Bax ratio and mitigated TUNEL‑positive staining in 
comparison with the I/R group. Taken together, the results 
demonstrated an anti‑apoptotic effect of HSYA following 
I/R injury.

Figure 8. Effect of inhibition of janus kinase 2/signal transducer and activator of transcription 1 on the activity of apoptosis‑associated proteins. (A) Caspase‑3 
activity was estimated using an ELISA kit. (B) Western blot analysis gel examining the protein levels of cle cas‑3, Fas, FasL, Bax and Bcl‑2. (C) Quantification 
of the western blot analysis data. (D) Reverse transcription quantitative polymerase chain reaction assay of the expression levels of Fas, FasL, Bax and 
Bcl‑2. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. HR group; ^P<0.05 and ^^P<0.01 vs. H/R+H group. cle cas‑3, cleaved caspase‑3; H/R, 
hypoxia/reoxygenation; H, Hydroxysafflor Yellow A; A, AG490; S, S1491; Fas, tumor necrosis factor receptor superfamily member 6; FasL, Fas ligand; Bcl‑2, 
B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein.
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Subsequently, the present study aimed to explore the molec-
ular signaling methods by which HSYA exerted its effective 
role. The JAK/STAT pathway is important in signal transduc-
tion and is involved in mediating cell growth, proliferation and 
differentiation, and apoptosis. JAK and STAT family members 
are located in myocardial cells and are closely associated 
with myocardial I/R injury (44). STAT‑1, a member of the 
STATs, is able to regulate intracellular signaling. It has been 
demonstrated that STAT1 was activated following myocardial 
ischemia (45). Therefore, the present study focused particu-
larly on the potential role of JAK2/STAT1 in HSYA‑mediated 
anti‑MI activity. The activity of the JAK2/STAT1 pathway in 
I/R injury was determined. HSYA treatment was observed to 
prevent the phosphorylation of JAK2, and it also decreased 
the phosphorylation of downstream STAT1. Altogether, these 
results suggested that the protective effect of HSYA was, at 
least, partially dependent on suppressing the JAK2/STAT1 
pathway.

JAK/STAT pathways are important signaling pathways in 
response to stress, including ischemia, hypoxia and oxidative 
stress (46,47). JAK2 may be activated by ROS and hypoxic 
conditions (48). STAT‑1 is phosphorylated by JAK2, and it 
serves a critical role in cerebral I/R injury in vivo (49). To 
additionally confirm the potential role of the JAK2/STAT1 
signaling pathway in the HSYA‑mediated protective effect, 
in vitro experiments using H9c2 cells were performed in the 
present study. The data indicated that the inhibition of JAK2 
(by AG490) or STAT1 (by S1491) enhanced the protective 
role of HSYA by improving cell viability and decreasing the 
release of cTnI, IL‑6 and LDH. In addition, the HSYA‑derived 
antioxidant capacity was strengthened by the inhibition of 
JAK2 or STAT1. The imbalance between the generation 
and removal of free radicals will lead to ROS accumulation. 
Mitochondria, the primary sites for ROS production, are 
associated with the loss of MMP (50). Therefore, the MMP 
and ROS content in H9c2 was measured, and it was identified 
that the loss of MMP and the ROS generation were addition-
ally deteriorated by H/R injury, while the HSYA treatment 
reversed this phenomenon. Notably, AG490 or S1491 increased 
the protective abilities of HSYA. Furthermore, the caspase‑3 
activity and the expression levels of cleaved caspase‑3, Fas, 
FasL and Bax were additionally decreased in cells treated with 
AG490 or S1491, compared with the HSYA treatment alone. 
By contrast, the expression levels of Bcl‑2 were increased in 
the groups treated with AG490 or S1491 compared with that in 
the H/R+H group. Additionally, examination of the apoptosis 
rate demonstrated that AG490 or S1491 treatment markedly 
enhanced the anti‑apoptotic effect of HSYA, suggesting that 
HSYA and JAK2/STAT1 signaling have similar mechanisms 
of action. Previous studies suggested that the JAK/STAT 
signaling pathway may regulate apoptotic signals by decreasing 
caspase 3 protein expression and increasing anti‑apoptotic 
Bcl‑2 levels (51,52). It has also been identified that JAK2 and 
STAT1 were activated following reperfusion, and that AG‑490 
may abrogate the activation of JAK2 (47,53). The results from 
the present study were in concordance with these conclusions. 
The combined effects of HSYA and AG490/S1491 in an in vivo 
I/R rat model would provide additional supporting evidence 
for the involvement of the JAK/STAT pathway in I/R injury. 
Altogether, the results from the present study indicated that 

JAK2/STAT1 may serve as therapeutic targets to mitigate I/R 
injury. However, a previous study revealed that activating the 
JAK2/STAT3 signaling pathway may decrease HR‑induced 
mitochondrial oxidative damage (54). We hypothesized that 
the discrepancy may be caused by distinct cell context and 
study model. In addition, previous studies have demonstrated 
that JAK2 may activate STAT3, STAT5a, STAT5b and 
STAT6 (55‑57), therefore the role of these proteins in medi-
ating the protective effects of HSYA in I/R injury should be 
additionally investigated in future studies.

Certain previous studies have documented the role 
of HSYA in myocardial IR injury  (58‑60). These studies 
suggested that HSYA exerted its cardio‑protective effect 
by decreasing inflammation or oxidative stress via toll‑like 
receptor 4 signaling or the extracellular signal‑regulated 
kinase/glycogen synthase kinase 3β pathway. This was a 
limitation of the present study. However, the mechanism of the 
protective effect of HSYA demonstrated in the present study 
was different from that in these previous studies. We hypoth-
esized that these results together confirm the protective effects 
of HSAY on myocardial I/R injury and potentially provide 
insight for future clinical studies into HSYA.

In conclusion, HSYA attenuated myocardial injury in vitro 
and in  vivo by inhibiting oxidative stress and apoptosis, 
in which the JAK2/STAT1 signaling pathway was partly 
involved. The results from the present study offered insight 
into the effects and the mechanisms of HSYA. It may provide 
effective therapeutic strategies to combat MI.
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