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Abstract. Safranal (SFR), an active ingredient extracted from 
saffron, exhibits a protective effect on the cardiovascular system. 
However, the mechanism of SFR against hypoxia/reoxygenation 
(H/R)‑induced cardiomyocyte injury has previously not been 
investigated in vitro. The aim of the present study was therefore 
to observe the protective effects of SFR on H/R‑induced cardio‑
myocyte injury and to explore its mechanisms. A H/R injury 
model of H9c2 cardiac myoblasts was established by adminis‑
tering 800 µmol/l CoCl2 to H9c2 cells for 24 h and reoxygenating 
the cells for 4 h to induce hypoxia. H9c2 cardiac myoblasts were 
pretreated with SFR for 12 h to evaluate the associated protective 
effects. A Cell Counting Kit‑8 assay was used for cell viability 
detection, and the expression levels of lactate dehydrogenase 
(LDH), creatine kinase‑MB (CK‑MB), glutathione peroxidase 

(GSH‑px), catalase (CAT), superoxide dismutase (SOD), malo‑
ndialdehyde (MDA) and caspase‑3, and the intracellular Ca2+ 
concentration were measured using the corresponding commer‑
cial kits. Levels of reactive oxygen species (ROS) in the cells were 
detected using 2,7‑dichlorodihydrofluorescein diacetate. Flow 
cytometry was used to determine the degree of apoptosis and the 
level of mitochondrial membrane potential (MMP). Moreover, 
the expression levels of phosphorylated (p‑)PI3K, AKT, p‑AKT, 
glycogen synthase kinase 3β (GSK3β), p‑GSK3β, Bcl‑2, Bax, 
caspase‑3 and cleaved caspase‑3 were measured using western 
blot analysis. Results of the present study demonstrated that the 
H9c2 cardiac myoblasts treated with SFR exhibited significantly 
improved levels of viability and significantly reduced levels of 
ROS, compared with the H/R group. Furthermore, compared 
with the H/R group, SFR treatment significantly increased the 
MMP levels and antioxidant enzyme levels, including CAT, SOD 
and GSH‑px; whereas the levels of CK‑MB, LDH, MDA and 
intracellular Ca2+ concentration were significantly decreased. 
Moreover, the results of the present study demonstrated that 
SFR significantly reduced caspase‑3, cleaved caspase‑3 and 
Bax protein expression levels, but upregulated the Bcl‑2 protein 
expression levels. SFR also increased the protein expressions of 
PI3K/AKT/GSK3β. In summary, the results suggested that SFR 
may exert a protective effect against H/R‑induced cardiomyocyte 
injury, which occurs in connection with the inhibition of oxida‑
tive stress and apoptosis via regulation of the PI3K/AKT/GSK3β 
signaling pathway.

Introduction

Since 1990, the global cardiovascular disease (CVD) mortality 
rate has increased annually, with CVD being the leading cause 
of death worldwide, especially in developing countries (1‑3). 
Acute myocardial infarction (AMI) is a significant contributor 
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towards high mortality in CVD (4). For patients with AMI, rapid 
and effective opening of the blocked vessel rescues ischemic 
myocardium, reduces infarct size and improves the effective‑
ness of treatment. Reperfusion therapies, such as thrombolysis 
and percutaneous coronary intervention, are the most effective 
treatments for AMI (5). However, reperfusion of blood flow 
brought about by the opening of the culprit vessel causes 
damage to cardiac myoblasts, which is known as myocardial 
ischemia/reperfusion injury (MIRI) (6). A previous study 
demonstrated that the area of myocardial infarction caused by 
MIRI was 50% of the total area of myocardial infarction (7). 
Therefore, the attenuation of MIRI and improvements to the 
efficacy of reperfusion therapies in AMI are major focus areas 
of research.

The concept of MIRI was first proposed by Jennings (8) 
in 1960; however, the pathophysiological mechanisms of MIRI 
are still not completely understood. Currently, the accepted 
mechanisms for MIRI include oxygen radical generation, 
intracellular Ca2+ ([Ca2+]i) overload and apoptosis (9,10). 
Moreover, previous studies have confirmed that cardiomyo‑
cyte apoptosis is an important pathway and characteristic in 
MIRI (11,12). During MIRI, mechanisms such as ([Ca2+]i) 
overload, increases in mitochondrial permeability and exces‑
sive accumulation of reactive oxygen species (ROS) can induce 
cardiomyocyte apoptosis, thereby exacerbating MIRI (13). It 
is therefore important to identify drugs that can effectively 
alleviate oxidative stress, reduce ([Ca2+]i) concentration and 
improve mitochondrial function in MIRI.

During MIRI, the reperfusion injury salvage kinase 
(RISK) signaling pathway is activated, which includes protein 
kinase B (AKT) and phosphatidylinositol 3 kinase (PI3K) (14). 
The PI3K/AKT/glycogen synthase kinase 3β (GSK3β) 
axis is an intracellular signaling transduction pathway that 
serves important biological functions in cellular activities, 
including apoptosis, survival and proliferation (15). PI3K 
can be phosphorylation‑activated by extracellular signals 
such as growth factors. Activated PI3K further catalyzes the 
phosphorylation of the 3'‑OH position on the inositol ring of 
phosphatidylinositol 4,5‑bisphosphate at the cell membrane 
surface to form the 3,4,5‑triphosphate phosphatidylino‑
sitol (PIP3), and PIP3 activates the phosphorylation of AKT 
as a secondary messenger (16). Phosphorylated AKT can then 
further phosphorylate GSK3β initiating a cardio‑protective 
mechanism (16). It has been reported that drug pretreatment 
can activate the PI3K/AKT/GSK3β signaling pathway in 
cardiomyocytes in vivo and in vitro, which serves an impor‑
tant role in combating MIRI (17,18). Furthermore, a previous 
study has demonstrated that ischemic preconditioning can 
reduce myocardial infarct size following ischemia/reperfu‑
sion in mice, during which the level of phosphorylated AKT 
in vivo is significantly increased (19). GSK3β can open the 
mitochondrial permeability transition pore and promote apop‑
tosis following its activation, whereas inactive phosphorylated 
GSK3β can shield cardiomyocytes and mitochondria from 
damage, serving a myocardial protective role (20).

Saffron, which is derived from the dried stigmas of the 
saffron plant of the Iridaceae family, is native to Europe 
and is expensive due to its low yield and manual plucking 
methods (21). Saffron has been used for thousands of years as a 
dye and as a spice for cooking (22). It is also commonly used in 

the clinic to treat cardio and cerebrovascular diseases (23,24). 
Safranal (SFR; C10H14O; Fig. 1) is a major aromatic factor 
in saffron, accounting for 60‑70% of the volatile constitu‑
ents (25). Studies have previously demonstrated that SFR 
has numerous pharmacological properties, including as an 
antioxidant (26), antiapoptotic (27), anticancer (28,29) and 
cardioprotective factor (30‑32). Furthermore, in our previous 
study, Xue et al (33) determined that SFR could inhibit the 
L‑type Ca2+ current and cell contractility and improve ischemic 
myocardial tissue. Results of a previous study demonstrated 
that the protective effects of SFR against MIRI are associated 
with the PI3K/AKT/endothelial nitric oxide synthase signaling 
pathway in vivo (32), cardiac function is regulated by a series 
of factors, including the nervous system and hormones. 
Therefore, the mechanism of SFR in MIRI needs further 
investigation at the cellular level.

In the present study, a hypoxia/reoxygenation (H/R) injury 
model was established by subjecting H9c2 cardiac myoblasts 
to hypoxia with cobalt chloride (CoCl2) containing medium 
followed by reoxygenation with normal medium. The protec‑
tive effects of SFR were evaluated by exploring the H9c2 
cardiac myoblast viability, as well as the oxidative stress and 
apoptotic levels of the cells in the H/R model. Furthermore, the 
protein expression levels of the PI3K/AKT/GSK3β signaling 
pathway were explored to elucidate the potential mechanism of 
SFR. The effect of SFR on intracellular ([Ca2+]i) overload and 
ROS production was also observed. The present study builds 
upon the findings of our previous study (33) and provides an 
experimental and theoretical basis for the clinical application 
of SFR in the treatment of MIRI.

Materials and methods

Reagents. The SFR (cat. no. S081900) and CoCl2 (cat. 
no. C633133) used in the present study was purchased from 
Toronto Research Chemicals, Inc. The rat cardiac myoblast 
H9c2 cell line was obtained from Bluefbio Biotechnology 
Development, Inc (cat. no. BFN60804388). High glucose 
Dulbecco's modif ied eagle medium (DMEM; cat. 
no. 12430047) and fetal bovine serum (FBS; cat. no. 10093188) 
were purchased from Gibco (Thermo Fisher Scientific, Inc.). 
The Cell Counting Kit (CCK)‑8 assay (cat. no. G021‑1‑1), 
lactate dehydrogenase (LDH) assay (cat. no. A020‑2‑1), 
creatine kinase‑MB (CK‑MB) assay (cat. no. H197‑1‑1), gluta‑
thione peroxidase (GSH‑Px) assay (cat. no. A005‑1‑2), catalase 
(CAT) assay (cat. no. A007‑1‑1), superoxide dismutase (SOD) 
assay (cat. no. A001‑3‑2), malondialdehyde (MDA) assay (cat. 
no. A003‑1‑2), caspase‑3 assay (cat. no. G015‑1‑3), BCA protein 
assay (cat. no. A045‑3‑2) and Ca2+ assay (cat. no. C004‑1‑1) 
were obtained from Nanjing Jiancheng Bioengineering 
Inc. LY294002, a specific antagonist of PI3K/AKT (cat. 
no. HY‑10108), was purchased from MedChemExpress, Inc. 
All other reagents used in the present study were purchased 
from Sigma‑Aldrich (Merck KGaA) unless otherwise stated.

Cell culture. H9c2 cells were cultured in the high‑glucose 
DMEM containing 10% FBS and 100 U/ml penicillin/strep‑
tomycin. The rat cardiac myoblast H9c2 cell line was initially 
cultured from rat embryo tissue. The cells grew in a 5% CO2 
incubator at 37˚C and medium was replaced every 2 days. 
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When cells were ~80% confluent, cells were trypsinized, 
passaged and seeded into a 96‑well or six‑well plate. Cells in 
the logarithmic growth phase were used for further experi‑
ments.

H/R model establishment. H9c2 cardiac myoblasts were 
prepared into 5x104/ml cell suspension and inoculated in a 
96‑well plate at 100 µl/well. When the cells covered 80% of the 
wells, different treatments were performed applied according 
to the needs of the experiment. In the preliminary experiment, 
200, 400, 600, 800, 1,000 and 1,200 µmol/l CoCl2 were applied 
to H9c2 cells and incubated at 37˚C for 24 h. Therefore, the 
optimal concentration of CoCl2 for hypoxic conditions was 
determined to be 800 µmol/l. Following hypoxic treatment, 
high glucose DMEM was used to reoxygenate the cells at 37˚C 
for 2, 4, 6 and 8 h to establish the optimal reoxygenation time. 
In summary, the H/R injury model of H9c2 cardiac myoblasts 
was established by administering 800 µmol/l CoCl2 for 24 h to 
establish hypoxia prior to reoxygenation for 4 h.

Treatment. All manipulations involving incubation of cells 
were performed at 37˚C. H9c2 cardiac myoblasts were 
inoculated in 96‑well plates at 5,000 cells/well. H9c2 cardiac 
myoblasts were randomly divided into the following six 
groups: i) Control group (CONT), cultured in high‑glucose 
DMEM; ii) H/R injury group (H/R), hypoxia induced cells 
using 800 µmol/l CoCl2‑containing medium for 24 h, followed 
by reoxygenation with high‑glucose DMEM for 4 h; iii) low 
dose SFR group (SFRL + H/R), the cells were pretreated 
with 10 µmol/l of SFR for 12 h, followed by hypoxia induc‑
tion with 800 µmol/l CoCl2‑containing medium for 24 h and 
reoxygenation with high‑glucose DMEM for 4 h; iv) high 
dose SFR group (SFRH + H/R), the cells were pretreated with 
30 µmol/l of SFR for 12 h, followed by hypoxia induction 
using 800 µmol/l CoCl2‑containing medium for 24 h and 
reoxygenation with high‑glucose DMEM for 4 h; v) high dose 
SFR alone group (SFRA), the cells were treated with 30 µmol/l 
of SFR for 12 h and then cultured in high‑glucose DMEM; and 
vi) antagonist LY294002 group (LY294002 + SFRH + H/R), 
the cells were pre‑incubated with 20 µmol/l LY294002 for 
1 h prior to treatment with 30 µmol/l SFR for 12 h, followed 
by hypoxia induction using 800 µmol/l CoCl2‑containing 
medium for 24 h and reoxygenation with high‑glucose DMEM 
for 4 h. Furthermore, a preliminary study on the therapeutic 
effects of post‑treatment with SFR was also performed. 
H9c2 cardiac myoblasts were inoculated into 96‑well plates 
at 5,000 cells/well. H9c2 cardiac myoblasts were randomly 
divided into the following five groups: i) Control group, 
high‑glucose DMEM culture; ii) H/R injury group, hypoxia 
was induced using CoCl2 containing medium for 24 h, 
followed by reoxygenation with high‑glucose DMEM for 4 h; 
iii) low dose SFR group, following H/R treatment, the cells 
were treated with 10 µmol/l of SFR for 12 h; iv) high dose SFR 
group, following H/R treatment, the cells were treated with 
30 µmol/l of SFR for 12 h; and v) high dose SFR only group, 
the cells were treated with 30 µmol/l of SFR for 12 h and then 
cultured in high‑glucose DMEM.

Cell viability assay. H9c2 cardiac myoblasts in the logarithmic 
growth phase were seeded into 96‑well plates (5,000 cells/well) 

and incubated for 24 h at 37˚C. Subsequently, 1, 3, 10, 30, 100 
and 300 µmol/l of SFR were added to the 96‑well plates. 
After following incubation for 12 h at 37˚C, 10 µl of CCK‑8 
reagent was added to the cells in each well and incubated for 
2 h at 37˚C. The absorbance of each well was measured using 
a microplate reader at a wavelength of 450 nm. The viability 
of H9c2 cardiac myoblasts was calculated according to the 
manufacturer's protocol.

Evaluation of biochemical indexes. H9c2 cardiac myoblasts 
were prepared into 5x104/ml cell suspension and inoculated 
in 96‑well plates at 100 µl/well. Following treatment, LDH 
and CK‑MB levels in cell supernatants were quantified using 
a microplate reader. The cell supernatants were collected and 
analyzed according to the manufacturer's protocol. Cells from 
each group were also digested with 0.25% trypsin, washed 
with PBS twice and ultrasonically pulverized to obtain a cell 
homogenate. This was then used to detect intracellular levels 
of GSH‑Px, CAT, SOD, MDA and caspase‑3 according to the 
corresponding manufacturer's protocol.

Detection of ROS levels. The common dichlorofluorescein, 
2,7‑dichlorodihydrofluorescein diacetate (DCFH‑DA; cat. 
no. 85155: Cayman Chemical Company) was used to detect the 
levels of intracellular ROS in the present study. DCFH‑DA can 
cross the cell membrane and enter the cell where it is hydrolyzed 
into DCFH by esterases. DCFH cannot cross the cell membrane, 
but non fluorescent DCFH can be oxidized by intracellular ROS 
to fluorescent DCF and, therefore, the intracellular ROS level 
can be quantified via fluorescence intensity (34). Following 
treatment, DCFH‑DA (10 µmol/l) dye was added to each group 
and incubated for 20 min in the dark at 37˚C. Cells were imaged 
using a fluorescence microscope (magnification, x200; Nikon 
Eclipse C1; Nikon Corp). Image‑Pro Plus 6.0 software (Media 
Cybernetics, Inc.) was used for quantification.

Analysis of ([Ca2+]i) concentration. H9c2 cardiac myoblasts 
were prepared into a 5x104/ml cell suspension and inoculated 
in 96‑well plates at 100 µl/well. Following treatment, the 
medium was replaced with PBS and H9c2 cardiac myoblasts 
were frozen at ‑20˚C, thawed and disrupted with an ultrasonic 
cell disruptor. H9c2 cardiac myoblasts were then centrifuged at 
10,195 x g for 10 min at 4˚C and the supernatant was collected. 
The ([Ca2+]i) concentration in the supernatant was detected at 
a wavelength of 610 nm using a colorimetric method as stated 
in the Ca2+ assay kit, according to the manufacturer's protocol.

Detection of apoptosis and mitochondrial membrane poten‑
tial (MMP). For quantification of apoptosis, flow cytometry 
was performed (FC500; Beckman Coulter, Inc.) using an 
Apoptosis Detection kit (cat. no. CA1050; Beijing Solarbio 
Science & Technology Co., Ltd.). Briefly, cells were suspended 
in 1X binding buffer at a cell density of 1x106 cells/ml. To 
a centrifuge tube 100 µl of the cell suspension was added, 
followed by 5 µl of Annexin Ⅴ‑FITC and 5 µl PI. After mixing 
cells were incubated at 10˚C for 25 min before 500 µl PBS 
was added and cells were detected via flow cytometry (this 
step was carried out within 1 h). FlowJo 10 software (v10.6.2; 
BD Biosciences) was used to analyze the obtained flow cytom‑
etry data.
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To detect the effects of SFR on MMP, the JC‑1 
MMP Detection kit (cat. no. M8650; Beijing Solarbio 
Science & Technology Co., Ltd.) was used. Following treat‑
ment, H9c2 cardiac myoblasts were incubated with JC‑1 
reagent (10 µg/ml) in the dark at 37˚C for 20 min, washed with 
PBS twice and detected via flow cytometry. FlowJo 10 soft‑
ware was used to analyze the obtained flow cytometry data.

Western blotting. The protein expression levels of PI3K, 
phosphorylated (p)‑PI3K, AKT, p‑AKT, GSK3β, p‑GSK3β, 
B‑cell lymphoma‑2 (Bcl‑2), Bcl‑2 associated X protein (Bax), 
caspase‑3 and cleaved caspase‑3 were detected via western 
blotting. Following treatment, the H9c2 cardiac myoblasts 
were rinsed with precooled PBS buffer and RIPA buffer 
(cat. no. G2002; Wuhan Servicebio Technology, Co., Ltd.) 
was used to extract total protein. Total protein concentration 
was determined using the BCA protein assay kit and 30 µg 
protein/lane was separated by SDS‑PAGE on a 10% gel. The 
separated proteins were transferred onto a PVDF membrane 
and subsequently blocked with 5% skimmed milk for 30 min 
at 37˚C. Membranes were subsequently incubated with the 
following primary antibodies against: Caspase‑3 (1:1,000; cat. 
no. GB11767C), cleaved caspase‑3 (1:1,000; cat. no. GB11532) 
(both from Wuhan Servicebio Technology Co., Ltd.), Bax 
(1:1,000; cat. no. 50599‑2‑Ig; ProteinTech Group, Inc.), Bcl‑2 
(1:500; cat. no. BM4985; Wuhan Boster Biological Technology, 
Ltd.), p‑PI3K (1:600; cat. no. AF4372; Affinity Biosciences), 
PI3K (1:1,000; cat. no. ab151549; Abcam), p‑GSK3β (1:1000; 
cat. no. AF2016; Affinity Biosciences), GSK3β (1:1,000; 
cat. no. AF7814; Affinity Biosciences), p‑AKT (1:1,000; cat. 
no. 9611S; Cell Signaling Technology, Inc.), AKT (1:600; cat. 
no. 60203‑2‑Ig; ProteinTech Group, Inc.) and β‑actin (1:1,000; 
cat. no. GB12001; Wuhan Servicebio Technology Co., Ltd.), 
overnight at 4˚C. After washing with PBS containing 0.05% 
Tween‑20, the membranes were incubated with horseradish 
peroxidase‑labelled secondary antibodies Goat anti‑rabbit; 
(1:3,000; cat. no. ZB2301; Origene Technologies, Inc.) and Goat 
anti‑mouse (1:3,000; cat. no. ZB2305; Origene Technologies, 
Inc.) at room temperature for 90 min. The gray values were 
semi‑quantified using Tanon GIS software (version, Tanon 
GIS 2010; Tanon Science and Technology Co., Ltd.) after the 
film was imaged. β‑actin was used as the internal reference 
gene.

Statistical analysis. Data analysis was performed using Origin 
version 9.1 software (OriginLab) and data are presented as 
the mean ± standard error of the mean (SEM). The statistical 
differences among three or more groups were analyzed using 
one‑way analysis of variance (ANOVA) followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effect of SFR on cell viability in H/R‑induced H9c2 cardiac 
myoblasts. As demonstrated in Fig. 2A and B, cytotoxicity 
experiments in H9c2 cardiac myoblasts determined that 
CoCl2 significantly inhibited cell viability in a dose‑dependent 
manner compared with the CONT group. However, SFR treat‑
ment had no significant effect on the H9c2 cardiac myoblast 

viability. Therefore, 800 µmol/l CoCl2 was chosen to induce 
hypoxia and 10 and 30 µmol/l SFR were used as low and high 
doses, respectively, to pre‑protect H9c2 cardiac myoblasts. 
Fig. 2C demonstrates that maximum amount of H9c2 cell 
damage was significantly generated after 4 h of reoxygenation 
(P<0.05). Fig. 2D indicates that cell viability was significantly 
reduced in the H/R group compared with the CONT group 
(P<0.01). However, SFR treatment significantly increased the 
cell viability of H9c2 cardiac myoblasts in a dose‑dependent 
manner compared with the H/R group (P<0.01). Furthermore, 
LY294002 significantly inhibited the protective effects of SFR 
on H/R‑induced cardiomyoblast damage compared with the 
SFRH + H/R group (P<0.01). The effects of SFRA on H9c2 
cardiac myoblasts were not significantly different compared 
with the CONT group. These results demonstrated that 
SFR could increase the viability of H9c2 cardiac myoblasts 
damaged by H/R, which may be related to the activation of 
PI3K/AKT/GSK3β signaling pathway.

Effects of SFR on LDH and CK‑MB levels. As displayed 
in Fig. 3, LDH and CK‑MB levels were detected to assess 
H/R‑induced H9c2 cardiac myoblast injury. Compared with 
the CONT group, CK‑MB and LDH levels in the H/R group 
were significantly increased (P<0.01). However, SFR treatment 
significantly decreased the CK‑MB and LDH levels compared 
with the H/R group (P<0.05 or P<0.01). Furthermore, 
LY294002 significantly inhibited the protective effect of SFR 
on H/R‑induced cardiomyoblast damage compared with the 
SFRH + H/R group (P<0.01). The effects of SFRA on H9c2 
cardiac myoblasts were not significantly different compared 
with the CONT group. These results indicated that SFR allevi‑
ated H/R‑induced H9c2 cardiac myoblast injury, which may 
be associated with the activation of the PI3K/AKT/GSK3β 
signaling pathway.

Effect of SFR on oxidative stress. As displayed in Fig. 4, 
compared with the CONT group, SOD, CAT and GSH‑Px 
levels were significantly decreased in the H/R group 
(P<0.01), whereas MDA levels were significantly increased 
(P<0.01). However, SFR treatment reversed these effects. 
SOD, CAT and GSH‑Px levels were significantly increased, 
whereas MDA levels were significantly decreased in the 
SFR treated groups compared with the H/R group (P<0.05 
or P<0.01). Furthermore, LY294002 significantly inhibited 

Figure 1. The chemical structure of safranal.
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the protective effect of SFR against H/R‑induced oxidative 
stress damage (P<0.01) compared with the SFRH + H/R 
group. The effects of SFRA on H9c2 cardiac myoblasts 
were not significantly different compared with the CONT 
groups. These results indicated that SFR protected against 
H/R‑induced oxidative stress injury, and this protec‑
tive effect may be associated with the activation of the 
PI3K/AKT/GSK3β signaling pathway.

Effect of SFR on ROS levels. As displayed in Fig. 5, the ROS 
levels were detected by DCFH‑DA. DCFH‑DA is commonly 

used to detect ROS levels and when the intracellular ROS 
level increases a strong green fluorescence is exhibited. 
Compared with the CONT group, the H9c2 cardiac myoblasts 
in the H/R group exhibited significantly increased fluo‑
rescence and therefore ROS levels (P<0.01). However, SFR 
treatment reversed this effect and significantly decreased 
the fluorescence intensity and ROS levels compared with the 
H/R group (P<0.01). Furthermore, LY294002 significantly 
inhibited the effect of SFR on the H/R‑induced increase of 
ROS levels compared with the SFRH + H/R group (P<0.01). 
The effects of SFRA on H9c2 cardiac myoblasts were not 

Figure 2. Effect of CoCl2 and SFR on the vitality of H9c2 cardiac myoblasts was detected using a CCK‑8 assay. (A) H9c2 cardiac myoblasts were cultured 
with different concentrations of CoCl2 for 24 h. **P<0.01 vs. CONT. (B) H9c2 cardiac myoblasts were cultured with different concentrations of SFR for 12 h. 
(C) Effect of reoxygenation time on the vitality of H9c2 cardiac myoblasts. *P<0.05 vs. Reoxygenation 0 h group. (D) The vitality of H9c2 cardiac myoblasts 
in CONT, H/R, SFRL, SFRH, SFRA and LY294002 + SFRH + H/R groups was detected using a CCK‑8 assay. Data are presented as the mean ± SEM. n=6. 
**P<0.01 vs. CONT; ##P<0.01 vs. H/R; and ΔΔP<0.01 vs. SFRL, low dose SFR; SFRH, high dose SFR; SFRA, SFR alone. SFRH + H/R. SFR, safranal; H/R, 
hypoxia/reoxygenation; CONT, control; CCK‑8, Cell Counting Kit‑8.

Figure 3. Effect of SFR on LDH and CK‑MB levels. Effects of SFR treatment on (A) LDH and (B) CK‑MB levels in H/R‑induced H9c2 cardiac myoblasts. 
Data are presented as the mean ± SEM. n=6. **P<0.01 vs. CONT; #P<0.05, ##P<0.01 vs. H/R; and ΔΔP<0.01 vs. SFRH + H/R. SFR, safranal; LDH, lactate 
dehydrogenase; CK‑MB, creatine kinase‑MB; CONT, control; H/R, hypoxia/reoxygenation; SFRH, high dose SFR.
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significantly different compared with the CONT group. These 
results suggested that SFR could decrease the ROS levels 
induced by H/R, which may be related to the activation of 
PI3K/AKT/GSK3β signaling pathway.

Effect of SFR on MMP levels. As displayed in Fig. 6A and B, 
MMP levels in each group were quantified using flow cytom‑
etry. The change of MMP is an important parameter that 
reflects mitochondrial viability and can be detected by JC‑1, 
a lipophilic fluorescent dye (35). At high levels of MMP, JC‑1 
converges to form polymers in the mitochondrial matrix and 
produces red fluorescence. At low levels of MMP, JC‑1 cannot 
aggregate in the mitochondrial matrix and only produces 
green fluorescence as a monomer. The subsequent change 
in levels of MMP are detected by the relative proportion of 
red:green fluorescence. The levels of MMP were significantly 
decreased by H/R in H9c2 cardiac myoblasts compared with 
the CONT group (P<0.01). However, SFR treatment signifi‑
cantly increased the level of MMP compared with the H/R 
group (P<0.05 or P<0.01). Furthermore, LY294002 signifi‑
cantly inhibited the effect of SFR on the H/R‑induced decrease 
of MMP compared with the SFRH + H/R group (P<0.01). The 
effects of SFRA on H9c2 cardiac myoblasts were not signifi‑
cantly different compared with the CONT group. These results 
indicated that SFR protected against H/R‑induced reduction 
of MMP, and this protective effect may be associated with the 
activation of the PI3K/AKT/GSK3β signaling pathway.

Effect of SFR on ([Ca2+]i) concentration. As displayed 
in Fig. 6C, the effect of SFR on ([Ca2+]i) concentration was 
detected. The results demonstrated that ([Ca2+]i) concentration 
was significantly increased in the H/R group compared with 
the CONT group (P<0.01). However, compared with the H/R 
group, SFR treatment significantly decreased the ([Ca2+]i) 
concentration (P<0.01). Furthermore, LY294002 significantly 
inhibited the protective effects of SFR on H/R‑induced 
([Ca2+]i) overload compared with the SFRH + H/R group 
(P<0.01). The effects of SFRA on H9c2 cardiac myoblasts were 
not significantly different compared with the CONT group. 
These results suggested that SFR alleviated H/R‑induced 
([Ca2+]i) overload, which may be associated with the activation 
of the PI3K/AKT/GSK3β signaling pathway.

Effect of SFR on apoptotic rate. The effect of SFR on apop‑
totic rate was determined using flow cytometry as displayed 
in Fig. 7. The results demonstrated that the apoptotic rate in the 
H/R group was significantly upregulated compared with the 
CONT group (P<0.01), whereas SFR treatment significantly 
decreased the H/R‑induced increase apoptotic rate compared 
with the H/R group (P<0.01).

Fig. 8 displays the effect of SFR on caspase‑3, cleaved 
caspase‑3, Bcl‑2 and Bax protein expression levels in 
H/R‑induced H9c2 cardiac myoblast injury. Compared with 
the CONT group, Bcl‑2 protein expression levels were signifi‑
cantly decreased in the H/R group, whereas caspase‑3, cleaved 

Figure 4. Effect of SFR on oxidative stress. Effect of SFR on (A) SOD, (B) MDA, (C) CAT and (D) GSH‑Px. Data are presented as the mean ± SEM. n=6. 
**P<0.01 vs. CONT; #P<0.05, ##P<0.01 vs. H/R; and ΔΔP<0.01 vs. SFRH + H/R. SFR, safranal; SOD, superoxide dismutase; MDA, malondialdehyde; CAT, cata‑
lase; GSH‑Px, glutathione peroxidase; CONT, control; H/R, hypoxia/reoxygenation; SFRH, high dose SFR.
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caspase‑3 and Bax protein expression levels were significantly 
upregulated (P<0.01). However, SFR treatment reversed this 
effect. SFR treatment could significantly decrease caspase‑3, 
cleaved caspase‑3 and Bax protein expression levels and 
significantly increased the protein expression levels of Bcl‑2 
compared with the H/R group (P<0.05 or P<0.01). These 
results indicated that SFR alleviated H/R‑induced apoptotic 
damage. Furthermore, as displayed in Fig. 8F and G, the results 
of caspase‑3, cleaved caspase‑3, Bax and Bcl‑2 protein expres‑
sion levels demonstrated that LY294002 significantly inhibited 
the protective effects of SFR on H/R‑induced cardiomyocyte 
apoptosis compared with the SFRH + H/R group (P<0.01). 
The effects of SFRA on H9c2 cardiac myoblasts were not 
significantly different compared with the CONT group. These 
results indicated that SFR alleviated H/R‑induced apoptotic 
damage, which may be associated with the activation of the 
PI3K/AKT/GSK3β signaling pathway.

Effect of SFR on the protein expression levels of AKT, p‑AKT, 
PI3K, p‑PI3K, GSK3β and p‑GSK3β. Fig. 9 displays the 
effects of SFR on the PI3K/AKT/GSK3β signaling pathway in 
H/R‑induced H9c2 cardiac myoblasts. The results demonstrated 
that p‑AKT/AKT, p‑PI3K/PI3K and p‑GSK3β/GSK3β protein 

expression levels in the H/R group were significantly decreased 
compared with the CONT group (P<0.01). Compared with 
the H/R group, the protein expression levels of p‑AKT/AKT, 
p‑PI3K/PI3K and p‑GSK3β/GSK3β were significantly increased 
when treated with SFR (P<0.05 or P<0.01). Furthermore, 
LY294002 significantly inhibited the effect of SFR on the 
protein expression levels of p‑AKT/AKT, p‑PI3K/PI3K and 
p‑GSK3β/GSK3β in H9c2 cardiac myoblasts exposed to CoCl2, 
compared with the SFRH + H/R group (P<0.01). No significant 
difference was observed in the protein expression levels of 
p‑AKT/AKT, p‑PI3K/PI3K and p‑GSK3β/GSK3β between the 
CONT group and the SFRA group. These results suggested that 
SFR alleviated H9c2 cardiac myoblast injury induced by H/R 
via regulation of the PI3K/AKT/GSK3β pathway.

Effect of SFR post‑treatment on the viability of H9c2 
cardiac myoblasts and LDH, CK‑MB, SOD, MDA and 
caspase‑3 levels. Fig. S1 displays the protective effects of 
SFR post‑treatment on H/R‑induced H9c2 cardiac myoblast 
injury. The results demonstrated that compared with the 
control group, the H9c2 cardiac myoblast viability and SOD 
levels in the H/R group were significantly reduced, whereas 
LDH, CK‑MB, MDA and caspase‑3 levels were significantly 

Figure 5. Effect of SFR on ROS levels. (A) Representative ROS fluorescence images (magnification, x200; scale bar, 100 µm) from CONT, H/R, SFRL + H/R, 
SFRH + H/R, SFRA and LY294002 + SFRH + H/R groups. (B) ROS fluorescence intensity. Data are presented as the mean ± SEM. n=6. **P<0.01 vs. CONT; 
##P<0.01 vs. H/R; ΔΔP<0.01 vs. SFRH + H/R. SFR, safranal; H/R, hypoxia/reoxygenation; CONT, control; ROS, reactive oxygen species; SFRL, low dose SFR; 
SFRH, high dose SFR; SFRA, SFR alone.
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increased (P<0.01). However, SFR post‑treatment reversed 
this effect. Compared with the H/R group, SFR post‑treatment 
significantly increased H9c2 cardiac myoblast viability and 
SOD levels, whereas LDH, CK‑MB, MDA and caspase‑3 
levels were significantly decreased (P<0.05 or P<0.01). These 
results indicated that SFR post‑treatment also has a certain 
protective effect against H/R‑induced H9c2 cardiac myoblast 
injury. Furthermore, the effects of SFR only on H9c2 cardiac 
myoblasts were not significantly different compared with the 
control group. These results suggested that SFR alleviated 
H9c2 cardiac myoblast injury induced by H/R.

Discussion

CVDs are the main causes of mortality worldwide and are 
currently difficult to treat (36). CVD was the primary cause 

of 17.7 million deaths worldwide in 2015, which is predicted 
to increase to 23.6 million by 2030 (37,38). SFR, the main 
active substance extracted from saffron, has been proven to 
have cardio‑protective properties (30‑32). However, to the best 
of our knowledge, there are no published studies investigating 
the protective effect of SFR against H/R‑induced myocardial 
injury in vitro.

Therefore, the present study investigated the effect of 
SFR on MIRI in vitro, which excluded disturbances caused 
by neural and humoral reflex regulation in vivo, more clearly 
demonstrating the therapeutic effect of SFR. The results 
demonstrated that SFR can protect against MIRI by acting 
directly on cardiomyoblasts. Moreover, previous studies have 
reported that CoCl2 can inhibit H9c2 cell viability and induce 
apoptosis in a dose‑dependent manner (39‑41). Apoptotic 
death of cardiomyocytes is an important pathological feature 

Figure 6. Effect of SFR on MMP and [Ca2+]i concentration. (A) Flow cytometry analysis of the CONT, H/R, SFRL + H/R, SFRH + H/R, SFRA and 
LY294002 + SFRH + H/R groups. (B) Data summary of MMP flow cytometry results. n=3. (C) [Ca2+]i concentration. n=6. Data are represented as the 
mean ± SEM. **P<0.01 vs. CONT; #P<0.05, ##P<0.01 vs. H/R group; and ΔΔP<0.01 vs. SFRH + H/R. SFR, safranal; H/R, hypoxia/reoxygenation; CONT, control; 
SFRL, low dose SFR; SFRH, high dose SFR; SFRA, SFR alone; [Ca2+]i, intracellular Ca2+ .
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observed in MIRI (9). Therefore, using CoCl2 to establish a 
hypoxia model was beneficial for exploring the regulatory 
mechanism of SFR on hypoxia‑ induced apoptosis and for 
demonstrating the myocardial protective effect of SFR. The 
results of the present study demonstrated that both SFR 
pre‑treatment and post‑treatment significantly increased H9c2 
cell viability in the H/R group. Furthermore, the protective 
effects of SFR on H/R‑induced damage were demonstrated via 
quantification of oxidative stress, apoptosis, ([Ca2+]i) overload, 
MMP and the associated signaling pathway.

CoCl2 is commonly used for chemical hypoxia simulation 
during in vitro experiments (42). Ca2+ in CoCl2 can replace 
the Fe2+ in the hemoglobin porphyrin ring, so that hemoglobin 
cannot bind oxygen and remains in a reduced state, thereby 
imitating an hypoxic environment and producing a series 
of reactions similar to those in hypoxic conditions (43). 

Moreover, under normoxic conditions, CoCl2 can strongly 
stabilize hypoxia‑inducible factor (HIF)‑1α and HIF‑2α, 
which are heterodimeric transcription factors composed 
of an oxygen‑regulated α subunit (42). Compared with low 
oxygen‑induced hypoxia and the use of other hypoxia mimics, 
the stabilization of HIF‑1α and HIF‑2α is sustained for several 
hours (42). Therefore, this model in normoxic conditions 
provides more time in which samples can be analyzed (42). 
The cardiac myoblast H9c2 cell line is an immortalized 
cell line isolated from rat embryonic heart tissue (44). H9c2 
cells show morphological characteristics similar to those of 
immature embryonic cardiocytes but have preserved several 
elements of the electrical and hormonal signal pathway found 
in adult cardiac cells (44). H9c2 cardiac myoblasts have been 
commonly used for experimental studies of cardiomyocyte 
physiology and pathology because of their similar physiological 

Figure 7. Effects of SFR on cell apoptosis. (A) Flow cytometry analysis of CONT, H/R, SFRL + H/R, SFRH + H/R, SFRA and LY294002 + SFRH + H/R 
groups. (B) Data summary of apoptotic rate flow cytometry analysis. Data are represented as the mean ± SEM. n=3. **P<0.01 vs. CONT; ##P<0.01 vs. H/R; 
and ΔΔP<0.01 vs. SFRH + H/R. SFR, safranal; H/R, hypoxia/reoxygenation; CONT, control; SFRL, low dose SFR; SFRH, high dose SFR; SFRA, SFR alone.
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Figure 8. Effect of SFR on the protein expression levels of Bax, Bcl‑2, caspase‑3 and cleaved caspase‑3. (A) Western blot analysis of the Bcl‑2, Bax, capase‑3 
and cleaved caspase‑3 expression levels in CONT, H/R, SFRL + H/R and SFRH + H/R groups. (B) The ratio of Bcl‑2 to Bax expression levels normalized 
to β‑actin. (C) Quantification of the Bcl‑2 and Bax protein expression levels normalized to β‑actin. Quantification of the (D) capase‑3 and (E) cleaved cas‑
pase‑3 protein expression levels normalized to β‑actin. (F) Western blot analysis of Bax, Bcl‑2, capase‑3 and cleaved caspase‑3 in CONT, H/R, SFRL + H/R, 
SFRH + H/R, SFRA and LY294002 + SFRH + H/R groups. (G) Quantification of the Bcl‑2, Bax, capase‑3 and cleaved caspase‑3 protein expression levels 
normalized to β‑actin. Data are presented as the mean ± SEM. n=3 **P<0.01 vs. CONT; #P<0.05, ##P<0.01 vs. H/R; and ΔP<0.05, ΔΔP<0.01 vs. SFRH + H/R. 
SFRL, low dose SFR; SFRH, high dose SFR; SFRA, SFR alone. SFR, safranal; H/R, hypoxia/reoxygenation; CONT, control.
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Figure 9. Effect of SFR on the PI3K/AKT/GSK3β signaling pathway protein expression levels. (A) Western blot analysis of the PI3K, p‑PI3K, AKT, p‑AKT, 
GSK3β and p‑GSK3β expression levels in CONT, H/R, SFRL + H/R and SFRH + H/R groups. The ratio of (B) p‑PI3K to PI3K, (C) p‑AKT to AKT and 
(D) p‑GSK3β to GSK3β normalized to β‑actin. (E) Western blot analysis of the PI3K, p‑PI3K, AKT, p‑AKT, GSK3β and p‑GSK3β expression levels in CONT, 
H/R, SFRH + H/R, SFRA and LY294002 + SFRH + H/R groups. The ratio of (F) p‑PI3K to PI3K, (G) p‑AKT to AKT and (H) p‑GSK3β to GSK3β normalized 
to β‑actin. Data are presented as the mean ± SEM. n=3. **P<0.01 vs. CONT; #P<0.05, ## P<0.01 vs. H/R; and ΔΔP<0.01 vs. SFRH + H/R. SFRL, low dose SFR; 
SFRH, high dose SFR; SFRA, SFR alone. SFR, safranal; CONT, control; H/R, hypoxia/reoxygenation; p, phosphorylated.
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characteristics to adult rat cardiomyocytes in terms of elec‑
trophysiology and signal transduction (44). The predictors of 
cardiac pathological changes are CK‑MB and LDH, which are 
stable cytosolic enzymes in cardiomyocytes (45‑47). When the 
myocardial cell membrane is damaged, CK‑MB and LDH are 
rapidly released from the cells into the culture medium (47). 
In the present study, the results demonstrated that both SFR 
pre‑treatment and post‑treatment significantly reduced the 
LDH and CK‑MB levels, indicating that SFR may attenuate 
H/R‑induced cardiomyoblast injury.

MIRI is a process that causes oxidative stress, whereby 
a large number of ROS are generated via multiple pathways, 
endogenous free radical scavenging systems dysfunction and 
ROS aggregation occurs within the body (48). ROS accumu‑
lation results in cardiomyocyte dysfunction, which further 
causes intracellular protein denaturation and degradation, 
loss of cellular function and results in the cytochrome oxidase 
system delivering significantly fewer electrons, leading to 
energy metabolism disorders (49). MIRI is often accompanied 
by intense lipid peroxidation that dysregulates the unsaturated 
fatty acid/protein ratio of the cell membrane. This results in 
enhanced cell membrane permeability and destruction of the 
antioxidant enzyme activity within the cell (48). MDA is an 
oxidative end product of oxygen radicals acting on lipids; thus, 
levels of MDA reflect the extent of oxygen free radical damage 

to cells (50). The antioxidant enzyme activities of GSH‑Px, 
CAT and SOD can reflect the body's ability to scavenge oxygen 
free radicals (51).

A previous study has reported that spices containing phenolic 
and flavonoid compounds have antioxidant properties (52). The 
antioxidant capacities of saffron are mainly attributed to its 
active constituents, including SFR, crocin and crocetin, which 
have been determined to have antioxidant effects (53). The 
antioxidant effects of SFR may be associated with the aldehyde 
group in its structure, which has strong reducing proper‑
ties. Furthermore, in a previous study on the oxygen radical 
scavenging ability of SFR, Assimopoulou et al (54) attributed 
the antioxidant effect of SFR to its ability to donate hydrogen 
atoms to 2,2‑diphenyl‑1‑picrylhydrazyl radicals (54). In the 
present study, the results demonstrated that SFR significantly 
reduced ROS and MDA levels but significantly enhanced 
SOD, CAT and GSH‑Px levels. These results indicated that 
SFR may exert cardiomyoblast protective effects by enhancing 
the body's scavenging ability against oxygen free radicals and 
alleviating lipid peroxidation injury in the cell membrane. 
However, the inhibitor LY294002 reversed the aforementioned 
beneficial effects of SFR, demonstrating that the protective 
effects of SFR against H/R‑induced injury are associated with 
the activation of the PI3K/AKT/GSK3β signaling pathway. 
Furthermore, SFR post‑treatment significantly increased 

Figure 10. Mechanism for the protective effects of safranal. Red arrow, damage caused by H/R. The direction of the red arrow represents the trend of oxidative 
stress‑ and apoptosis‑related indicators, and PI3K/AKT/GSK3β pathway protein expression caused by H/R. Blue arrow, protective effect of SFR. The direction 
of the blue arrow represents the effect of SFR on indicators associated with oxidative stress and apoptosis, and PI3K/AKT/GSK3β pathway protein expres‑
sion. ROS, reactive oxygen species; H/R, hypoxia/reoxygenation; SOD, superoxide dismutase; MDA, malondialdehyde; CAT, catalase; GSH‑Px, glutathione 
peroxidase; LDH, lactate dehydrogenase; CK‑MB, creatine kinase‑MB.
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SOD levels but decreased MDA levels, indicating that SFR 
post‑treatment may also have a protective effect against 
H/R‑induced oxidative stress injury.

Mitochondria, the major site of cellular oxidative phos‑
phorylation, serve an important role in the process of cell 
necrosis and apoptosis induced by MIRI. In normal physi‑
ological conditions, the mitochondrial permeability transition 
pore (mPTP) is in the closed state. When MIRI occurs, factors 
such as ([Ca2+]i) overload and oxidative stress can stimulate 
mPTP opening (55,56). As a result, the homeostasis of ([Ca2+]i) 
is destroyed, leading to increased Ca2+ influx, unbalanced free 
Ca2+ reuptake and Ca2+ accumulation in the cytoplasm (57). 
The opening of mPTP can further lead to mitochondrial 
swelling, mitochondrial destruction, cytochrome c release 
from mitochondria into the cytosol and activation of the 
caspase family, which induces apoptosis (58).

Apoptosis is one of the major forms of cell death during 
MIRI (59), which is a pathological process that is controlled by 
a variety of genes and mediated via signaling pathways, such 
as PI3K/AKT (60), Wnt (61) and JNK (62) signaling pathways. 
Apoptosis is therefore controlled by complex regulatory mecha‑
nisms (60). Both Bax and Bcl‑2 belong to the Bcl‑2 family, in 
which Bcl‑2 is an apoptosis suppressor gene and Bax is a 
proapoptotic gene, with the two interacting together to regulate 
apoptosis (63). Jayanthi et al (64) reported that the regulation 
of apoptosis is dependent on the Bcl‑2/Bax ratio, and that the 
lower the Bcl‑2/Bax ratio, the higher the degree of apoptosis. 
The caspase protein family are important cell regulatory genes, 
which are involved in the initiation and regulation of apoptosis. 
Caspase‑3 is considered to be a key protease activated by 
various apoptotic stimuli (65). In the present study, the results 
demonstrated that SFR significantly elevated MMP levels, while 
it decreased ([Ca2+]i) concentration and the apoptotic rate of 
H/R‑induced H9c2 cardiac myoblasts, improving cell survival. 
Furthermore, western blotting demonstrated that SFR signifi‑
cantly inhibited the caspase‑3, cleaved caspase‑3 and Bax protein 
expression levels and significantly upregulated Bcl‑2 protein 
expression levels. However, LY294002 reversed the aforemen‑
tioned beneficial effects of SFR and therefore demonstrated that 
the protective effects of SFR against H/R‑induced injury may be 
associated with the activation of the PI3K/AKT/GSK3β signaling 
pathway. Furthermore, SFR post‑treatment significantly 
decreased caspase‑3 levels, suggesting that SFR post‑treatment 
also has a protective effect against H/R‑induced apoptosis.

The intracellular PI3K/AKT/GSK3β signal transduction 
pathway serves important biological roles in cellular mecha‑
nisms, such as apoptosis, cell survival and proliferation (66). 
During MIRI, the RISK signaling pathway is activated and 
the expression levels of numerous types of proteins with 
endogenous protective effects increase (14). PI3K, which 
serves a key role in the RISK signaling pathway, is activated, 
causing downstream AKT to transfer from the cytosol to the 
cell membrane (67). AKT translocates from the cytosol to 
the cell membrane and undergoes a conformational change, 
which is subsequently activated by phosphorylation at the 
Ser473 site. Activated AKT exhibits anti‑myocardial isch‑
emia/hypoxia and anti‑myocardial apoptosis effects (68). 
p‑AKT further promotes the phosphorylation of downstream 
GSK3β proteins, thereby reducing the activation of caspase‑3 
and closing the mPTP to exert cell survival, antioxidant and 

antiapoptotic effects (69,70). p‑AKT can also activate Bcl‑2, 
reducing the activation of Bax and stabilizing the inner and 
outer mitochondrial membranes to further exert antiapoptotic 
effects (71). The results of the present study demonstrated that 
SFR significantly increased the phosphorylation levels of PI3K, 
AKT and GSK3β. However, the protein expression levels of 
apoptosis‑related proteins were significantly decreased when 
cells were treated with SFR. These results demonstrated that 
the activation of caspase‑3 may be inhibited by SFR, which 
may be associated with the activation of the PI3K/AKT/GSK3β 
signaling pathway. In order to further confirm that the myocar‑
dial protective effect of SFR was associated with the activation 
of the PI3K/AKT/GSK3β signaling pathway, the PI3K/AKT 
specific inhibitor LY294002 was used for further verifica‑
tion. The results demonstrated that LY294002 significantly 
inhibited the effects of SFR on PI3K/AKT/GSK3β signaling 
pathway apoptosis‑related protein expression levels, demon‑
strating the important role of the PI3K/AKT/GSK3β signaling 
pathway in combating H/R injury.

In conclusion, SFR has been demonstrated to alleviate 
H/R‑induced cardiomyocyte injury and reduce oxidative 
stress, ([Ca2+]i) overload and apoptotic rate, which are asso‑
ciated with the involvement of SFR in the regulation of the 
PI3K/AKT/GSK3β signaling pathway. The present study 
provides a theoretical basis for investigating the use of SFR as 
a therapeutic for the treatment of MIRI. However, the present 
study has certain limitations. We used H9c2 cardiac myoblasts 
to study the protective effect of SFR in vitro, although with 
the advantages of easy operation and the ability to intuitively 
reflect the effects of the studied drugs, compared with in vivo 
experiments, certain processes cannot be simulated in vitro. 
Therefore, further exploration is still needed.
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