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Abstract. The protective effects of gastrodin on myocar-
dial ischemia‑reperfusion injury in rats and the underlying 
mechanism were investigated. Sprague Dawley (SD) rats were 
randomly divided into three groups, of which the gastrodin 
group was treated with gastrodin, and the other two groups 
were treated with normal saline. In the myocardial ischemia-
reperfusion model group, myocardial ischemia was induced 
by ligation of the left anterior descending coronary artery, and 
myocardial reperfusion was performed by ligature removal. 
Only thread without ligation for the sham operation group was 
conducted. The rats were euthanized 8 days after surgery. Heart 
tissues were harvested and used for measurement of apoptotic 
rate and expression levels of apoptosis‑related proteins. Serum 
levels of cytokines were measured also using blood samples. 
Compared with the myocardial ischemia‑reperfusion model 
group, significant reduction of cardiomyocyte apoptosis was 
observed in the gastrodin group (P<0.05). In the gastrodin 
group, the protein and mRNA expression levels for Bax and 
activated caspase‑3 decreased, while for Bcl‑2 increased 
(P<0.05). Gastrodin can downregulate inflammatory cytokines 
(P<0.05) and upregulate anti‑inflammatory cytokines such 
as IL‑10 (P<0.05) in serum of SD rats. Therefore, gastrodin 
played a protective role in myocardial ischemia‑reperfusion 
injury by regulating the expression levels of apoptosis‑related 
signaling proteins and inflammatory cytokines.

Introduction

Myocardial ischemia has a high incidence of morbidity and 
mortality worldwide (1). It has been shown that acute myocardial 
ischemia is a leading cause of death (2). In addition to sudden 
death, myocardial ischemia also leads to various clinical 
manifestations such as cardiac myocyte hypertrophy (3‑5). 

Therapeutic interventions in myocardial ischemia have been 
explored extensively and many treatment options have been 
published. Myocardial ischemia‑reperfusion is an effective 
treatment method for acute myocardial ischemia, which can 
reduce myocardial infarction size and relieve symptoms of 
heart failure (6). However, myocardial ischemia‑reperfusion 
injury exists and remains a complex problem. Dysregulation of 
many signaling pathways have been suggested to be associated 
with heart damage caused by myocardial ischemia, especially 
the dysregulation of intracellular signaling pathways. Signaling 
disorders leading to cell proliferation, differentiation, 
autophagy and apoptosis under physiological or pathological 
conditions may be closely related to cardiac damage (7).

As a traditional Chinese herbal medicine, rhizome gastro-
diae has been used in China for thousands of years. According 
to previous studies, rhizome gastrodiae has nootropic, 
analgesic and anti‑inflammatory effects and can improve 
microcirculation and general circulatory functions  (8,9). 
Gastrodin is the major active ingredient in rhizome gastro-
diae, which demonstrates a high application value (10). It was 
reported that gastrodin has neuroprotective effects on cultured 
cortical neurons  (11). Gastrodin can inhibit expression of 
pro‑inflammatory cytokines and cyclooxygenase‑2  (12). 
Gastrodin can regulate signaling pathways involved in inflam-
matory responses. Studies have suggested that the beneficial 
effects of gastrodin may be derived from its antioxidant prop-
erties (13). GAS can protect primary cultured rat hippocampal 
neurons from beta amyloid‑induced neurotoxicity  (14). In 
this study, the protective effect of gastrodin on myocardial 
ischemia‑reperfusion injury and the possible molecular 
mechanism were explored, aiming to provide a reference for 
the treatment of this disease.

Materials and methods

Experimental animals and grouping. Male 7‑8‑week‑old 
Sprague Dawley (SD) rats, weighing 210‑250 g, were raised 
in a cage, with free access to food and water, on a 12:12-h 
light/dark cycle for a week. The temperature was 22±2˚C, and 
the relative humidity was 60±5%. The rats were randomly 
divided into the sham operation group, the myocardial 
ischemia‑reperfusion model group and the gastrodin group 
(500 mg/kg), with equal number of 20 rats per group. The rats 
in the gastrodin group were administered gastrodin twice daily 
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by gavage for 7 days before model establishment and 3 days 
after model establishment. The rats in the sham operation 
and the myocardial ischemia‑reperfusion model groups were 
given an equal volume of saline during the same time period. 
The rats used in this study were provided by the Experimental 
Animal Center of Nantong University with a permission 
number SCXX (Su) 2002‑0019. All experimental procedures 
were performed in accordance with the Guide for the Care and 
Use of Laboratory Animals published by National Institutes of 
Health (Bethesda, MD, USA). The protocols were approved 
by the Animal Ethics Committee of the Affiliated Hospital of 
Nantong University (Nantong, China).

Establishment of myocardial ischemia model. To induce 
myocardial ischemia, the rats were anesthetized and subjected 
to open‑chest surgery to expose the heart. Ligation of the left 
descending coronary artery was performed 2 mm below the 
border between the left atrium and the ventricle using 5/0 nylon 
suture. Myocardial reperfusion induced by ligature removal 
was performed in the myocardial ischemia-reperfusion model 
group. Those who only threaded but not ligated were the sham 
operation model group. Ischemia was confirmed by visually 
observed cyanosis and electrocardiogram demonstrating 
ST segment elevation and QRS widening. Successful estab-
lishment of the ischemia and reperfusion models was judged 
according to the criteria. Myocardial reperfusion induced by 
ligature removal was performed in the myocardial ischemia-
reperfusion model group. Those who only threaded but not 
ligated were the sham operation model group. All rats were 
euthanized on the 8th day after myocardial ischemia surgery, 
and the heart tissue was harvested.

Western blot analysis. Lysis of heart tissues was performed 
using the RIPA lysis buffer to extract proteins, followed by 
concentration measurement of the protein extracts and the BCA 
protein quantification kit was purchased from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA). A total of 5 µl of protein 
was loaded per lane. The proteins in the sample were separated 
using SDS‑PAGE gel electrophoresis and transferred to the 
membrane (NC membrane; MilliporeSigma, Burlington, MA, 
USA) using a wet system. The primary antibodies [monoclonal 
Bax antibody (1:1,500; cat. no. YS-28034R) and monoclonal 
Bcl-2 antibody (1:1,000; cat. no. YSm-10846M) purchased 
from Santa Cruz Biotechnology, Inc., Dallas, TX, USA, and 
monoclonal caspase-3 antibody (1:500; cat. no.  ab131000) 
purchased from Abcam, Cambridge, UK] were added after 
the membrane was blocked with 5%  BSA, followed by 
incubation at 37˚C overnight. Then, HRP-labeled goat anti-
rabbit secondary antibody (1:1,000; cat. no. A0208, Beyotime 
Institute of Biotechnology, Shanghai, China) was added, and 
color was developed at 37˚C. The percentages of separation 
and stacking gels were 10 and 5%, respectively.

Fluorescence‑based reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR). Total RNA was 
extracted from the obtained cardiomyocytes in acccordance 
with the instructions of TRIzol kit (Invitrogen; Thermo Fisher 
Scientific, Inc.). The complementary DNA (cDNA) was synthe-
sized via reverse transcription of the single stranded RNA 
in acccordance with the instructions of cDNA kit (Toyobo 

Co., Ltd., Osaka, Japan). SYBR-Green PCR kit (Toyobo 
Co., Ltd.) was used. Amplification of DNA was carried out, 
followed by analysis. The thermocycling conditions were: 
42˚C x 15 min, 92˚C x 5 min, (95˚C x 20 sec → 55˚C x 15 sec 
→ 72˚C x 20 sec) x 30 sec, 96˚C x 30 sec, 55˚C x 30 sec, 
95˚C x 30 sec. All expression levels were calculated using the 
2‑ΔΔCq method (15). The primers used in RT‑qPCR are shown 
in Table Ⅰ.

Terminal deoxynucleotidyl transferase‑mediated dUTP. 
As previously described (16), apoptosis was assessed using 
TUNEL assay (Roche Molecular Diagnostics, Pleasanton, 
CA, USA). Frozen sections (6 mm thickness) or cells were 
stained with DAPI (Thermo Fisher Scientific, Inc.) at room 
temperature for 5  min, allowing for visualization of the 
nucleus. Monoclonal anti‑α‑actinin antibody (1:1,000; 
cat.  no.  sc-17829; Santa Cruz Biotechnology, Inc.) were 
added, followed by incubation at 4˚C overnight. The sections 
were then incubated with goat anti‑rat α‑actinin antibody at 
37˚C for 2 h. Positive cells were counted using a fluorescence 
microscopy.

HE staining. All specimens were fixed by formaldehyde, after 
which they were embedded in paraffin and routinely sectioned. 
The samples were then stained, followed by pathological exami-
nation under light microscope (Olympus Corp., Tokyo, Japan).

ELISA. Serum levels of IL‑6, IL‑10, TNF‑α and IL‑1β were 
measured using ELISA kits according to the instructions of 
the kits (Abcam).

Statistical analysis. GraphPad Prism Software (GraphPad 
Software, Inc., La Jolla, CA, USA) was used for statistical 
analysis. The count data were analyzed by χ2 test. One-way 
analysis of variance was used for comparison for multiple 
groups, and Fisher's Least Significant Difference test was 
the post-hoc test used after one-way analysis. All data were 
expressed as (mean ± standard deviation). P<0.05 was consi- 
dered to indicate a statistically significant difference.

Results

Alleviation of myocardial ischemia‑reperfusion injury 
by gastrodin. As shown in the TUNEL assay results 
(Table II and Fig. 1), the cardiomyocyte apoptotic rates in 
the sham operation, myocardial ischemia‑reperfusion model 
and gastrodin groups were 2.1±0.8, 24.2±8.5, and 12.1±3.7%, 
respectively. Compared with the other two groups, the atrial 
apoptosis rate of the gastrodin treatment group was higher than 
that of the sham operation group, but the myocardial apoptosis 
rate of the gastrodin treatment group was significantly lower 
than that of the myocardial ischemia-reperfusion model group 
(P<0.05).

Morphological changes of myocardial tissues were 
examined by HE staining, and the results are shown in 
Fig. 2. Cardiomyocytes in the sham operation group were 
neatly arranged. In the myocardial ischemia‑reperfusion 
model group, the cardiomyocytes were in disordered 
arrangements. Widening gaps and inflammatory factor 
exudates were observed. The degree of cardiomyocyte damage 
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in the gastrodin group was significantly less than that in the 
myocardial ischemia‑reperfusion model group.

Expression levels of proteins involved in cardiomyocyte 
pathways. As shown in the results of western blot analysis 
(Table III and Fig. 3), the expression levels of Bax and activated 
caspase‑3 were 0.38±0.16 and 0.43±0.21, respectively, in the 
gastrodin group, as well as 0.87±0.36 and 0.93±0.36 respectively, 

in the sham operation group as well as 1.42±0.28 and 
1.67±0.37 respectively, in the myocardial ischemia‑reperfusion 
model group. The differences between the two groups were 
statistically significant (P<0.05). The expressions of Bax and 
activated caspase-3 protein in the gastrodin, sham operation 
and myocardial ischemia‑reperfusion groups showed an 
increasing trend, and the differences between the groups were 
statistically significant (P<0.05). The expression level of Bcl‑2 
in the gastrodin group increased to 0.59±0.24.

mRNA expression levels of genes related to cardiomyocyte 
pathways. As shown in the RT‑qPCR results (Table IV), the 
mRNA expression levels of pro‑apoptotic genes Bax and acti-
vated caspase‑3 were 0.98±0.31 and 0.99±0.40, respectively, in 
the sham operation group, as well as 0.46±0.27 and 0.55±0.19, 
respectively, in the gastrodin group, and 1.24±0.45 and 
0.98±0.42, respectively, in the cardiac ischemia-reperfusion 
group. The expression levels of Bax and activated caspase-3 
mRNA in the gastrodin, sham operation and myocardial 
ischemia-reperfusion groups showed an increasing trend, and 
the differences between the groups were statistically signifi-
cant (P<0.05). The expression levels of the anti‑apoptotic 
gene Bcl‑2 in the sham operation, gastrodin, and myocardial 
ischemia-reperfusion model groups were 0.97±0.38, 0.89±0.36 
and 0.32±0.15, respectively, (P<0.05).

Serum levels of inflammatory factors. As shown in the ELISA 
results (Table V), the serum levels of IL‑6, TNF‑α and IL‑1β 
were 41±16, 26±9 and 37±14, respectively, in the sham opera-
tion group, as well as 138±42, 126±35 and 145±42, respectively, 
in the myocardial ischemia‑reperfusion model group and 
59±23, 58±17 and 49±15 in the gastrodin group, respectively. 
The differences between the two groups were statistically 
significant (P<0.05). The serum levels of IL‑10 were 88±17 and 
167±45, respectively, in the myocardial ischemia‑reperfusion 
model and gastrodin groups, and the difference was statistically 
significant. In the gastrodin group, the higher level of IL‑10 was 
clearly opposite to the lower levels of IL‑6, TNF‑α and IL‑1β.

Discussion

Studies have shown that defects in many signaling path-
ways are associated with myocardial ischemia‑reperfusion 
injury (17,18). For example, the interaction between activated 
PI3K/AKT pathway and downstream target proteins, including 
Bcl‑2 and Bax, promotes cell survival (19). If the PI3K/AKT 
pathway is dysregulated, alteration of cell signaling such as 
Bcl‑2 can occur, eventually leading to apoptosis. Ke et al 

Table Ⅰ. Primers used in RT-qPCR assay.

Genes	 Primer sequences

GAPDH	 F: 5'-GACAACTITGGCATCGTGGA-3'
	 R: 5'-ATGCAGGGATGATGTTCTGG-3
Bax	 F: 5'-AGACACCTGAGCTGACCTTGGAG-3'
	 R: 5'-GTTGAAGTTGCCATCAGCAAACA-3'
Bcl-2	 F: 5'-TGAACCGGCATCTGCACAC-3'
	 R: 5'-CGTCTTCAGAGACAGCCAGGAG-3'
Caspase-3	 F: 5'-CATACAGCGGAACTGTCGAT-3'
	 R: 5'-GTTCAGCAAGGCGCATAGTG-3'

F, forward; R, reverse.

Table Ⅱ. Cardiomyocyte apoptotic rate in the three groups (%).

Groups	 Apoptotic rate (%)

Sham operation (n=20)	  2.1±0.8
Gastrodin (n=20)	 12.1±3.7a

Myocardial ischemia-reperfusion model (n=20)	  24.2±8.5a,b

aP<0.05, compared with the sham operation group; bP<0.05, com-
pared with the gastrodin group.

Figure 1. Cardiomyocyte apoptosis measured by TUNEL assay in (A) the 
sham operation, (B) the gastrodin, and (C) the myocardial ischemia‑reper-
fusion model groups.

Figure 2. Morphology of cardiomyocytes examined by HE staining in (A) the 
sham operation, (B) gastrodin, and (C) myocardial ischemia‑reperfusion 
model groups.
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reported that activation of the PI3K/AKT pathway protects 
against isoproterenol‑induced myocardial ischemic injury (17). 
In another study, it was reported that physiological heart growth 
was induced by activating the PI3K/AKT pathway (20).

Some studies suggested that myocardial ischemia‑reperfu-
sion may aggravate cardiac dysfunction and myocardial cell 
damage, leading to inflammation and partial apoptosis. It is 
important to explore the underlying mechanism in order to 
prevent myocardial ischemia‑reperfusion injury. According to 
literature, multiple factors such as calcium overload, neutro-
phil aggregation and cardiomyocyte apoptosis are involved in 
myocardial ischemia‑reperfusion injury (21,22).

Gastrodin is an effective monomer composition extracted 
from rhizome gastrodiae, which demonstrates various 
pharmacological effects. It not only improves microcircula-
tion and general circulatory functions but also possesses 
neuroprotective effects and suppresses inflammatory factors. 
Myocardial ischemia is a serious condition that normally 
leads to devastating consequences such as necrosis and 
apoptosis (23). In this study, myocardial ischemia‑reperfusion 
injury was investigated, aimed at providing more treatment 
information for this disease. Results from this study showed 
that the cardiomyocyte apoptotic rate in the myocardial 
ischemia‑reperfusion model group increased substantially, 
compared with that in the sham operation group. Gastrodin 
significantly reduced cardiomyocyte apoptosis as suggested by 
the lower apoptotic rate in the gastrodin group, compared with 
the myocardial ischemia‑reperfusion model group.

In this study, the effect of gastrodin on expression of acti-
vated caspase‑3, Bax and Bcl‑2 was also explored. Caspase‑3 
is capable of digesting specific protein substrates, thereby 
inhibiting DNA repair and leading to chromosomal DNA 
fragmentation and cell death. Members of the Bcl‑2 family 
proteins play a critical role in regulating the autonomous apop-
totic pathway. It is known that Bax and Bcl‑2 can migrate to 
different parts of the cell to exert a role of signal transduction, 
thereby regulating cell survival or apoptosis (24). The results 

Table III. Expression levels of proteins involved in cardiomyocyte pathways (mean ± standard deviation).

Groups	 Bax	 Bcl-2	 Bcl-2/Bax	 Activated caspase-3

Sham operation (n=20)	 0.87±0.36	 0.92±0.25	 1.06±0.23	 0.93±0.36
Gastrodin (n=20)	  0.38±0.16a	  0.59±0.24a	 1.55±0.34	  0.43±0.21a

Myocardial ischemia-reperfusion model (n=20)	    1.42±0.28a,b	    0.34±0.27a,b	 0.31±0.14	    1.67±0.37a,b

aP<0.05, compared with the sham operation group; bP<0.05, compared with the gastrodin group.

Table IV. mRNA expression levels of genes related to cardiomyocyte pathways (mean ± standard deviation).

Groups	 Bax	 Bcl-2	 Activated caspase-3

Sham operation (n=20)	 0.98±0.31	 0.97±0.38	 0.99±0.40
Gastrodin (n=20)	 0.46±0.27a	 0.89±0.36a	 0.55±0.19a

Myocardial ischemia-reperfusion model (n=20)	   1.24±0.45a,b	   0.32±0.15a,b	 0.98±0.42b

aP<0.05, compared with the sham operation group; bP<0.05, compared with the gastrodin group.

Table V. Serum levels of inflammatory factors (mean ± standard deviation).

Groups	 IL-6 (ng/l)	 IL-10 (ng/l)	 TNF-α (ng/l)	 IL-1β (ng/l)

Sham operation (n=20)	 41±16	  45±18	 26±9	 37±14
Gastrodin (n=20)	  59±23a	 167±45a	   58±17a	 49±15a

Myocardial ischemia-reperfusion model (n=20)	  138±42a,b	   88±17a,b	    126±35a,b	  145±42a,b

aP<0.05, compared with the sham operation group; bP<0.05, compared with the gastrodin group.

Figure 3. Western blot analysis assay of expression levels of proteins involved 
in cardiomyocyte pathways in (A)  gastrodin, (B)  sham operation, and 
(C) myocardial ischemia‑reperfusion model groups.
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showed that gastrodin significantly downregulated expression 
of Bax and activated caspase‑3 but upregulated Bcl‑2 expres-
sion in the gastrodin group, compared with the myocardial 
ischemia‑reperfusion model group. These findings suggested 
that gastrodin has significant protective effects in myocardial 
ischemia‑reperfusion injury.

Recent studies demonstrated that inflammatory lesions also 
played an important role in myocardial ischemia‑reperfusion 
injury  (25,26). IL‑6 is a cytokine that is mainly secreted 
from monocytes, macrophages and T/B lymphocytes. It can 
induce the expression of ICAM‑1 gene in cardiomyocytes 
and promote the entry of granulocytes into the ischemic 
region. The overexpression of ICAM‑1 mRNA participates 
in LFA‑1 signaling transduction on the surface of neutrophil 
leading to adhesion of neutrophils and endothelial cells. 
It also mediates neutrophil infiltration and exacerbates 
inflammatory responses by increasing pro‑inflammatory 
factors (27,28). Pro‑inflammatory cytokines TNF‑α and IL‑1β 
also play an important role in apoptotic processes. To assess 
anti‑inflammatory effects of gastrodin, the expression levels 
of IL‑6, IL‑10, TNF‑α and IL‑1β were measured. The results 
showed that there were statistically significant differences in 
the expression of TNF‑α, IL‑6, IL‑10 and IL‑1β between the 
groups. IL‑1β, TNF‑α and IL‑6 were all upregulated in the 
myocardial ischemia‑reperfusion model group, suggesting that 
myocardial ischemia‑reperfusion may increase myocardial 
injury through inflammatory responses. Compared with the 
myocardial ischemia‑reperfusion model group, gastrodin 
significantly reduced the expression of these cytokines in the 
gastrodin group. IL‑10, as a multifunctional negative regulator, 
is involved in regulation of a variety of biological processes and 
plays a protective role. In this study, the expression level of IL‑10 
increased substantially in the gastrodin group, compared with 
the myocardial ischemia‑reperfusion model group. It may play 
a role in protecting ischemic cardiomyocytes from apoptosis 
by suppressing inflammation. Findings in this study suggested 
that gastrodin may reduce inflammatory damage by suppressing 
inflammatory factors, thereby protecting the myocardial tissue.

In this study, it was revealed that gastrodin can decrease 
the release of inflammatory factors while increase the 
expression of protective cytokines. It reduced cardiomyocyte 
apoptosis by inhibiting apoptotic signaling, thereby alleviating 
myocardial ischemia‑reperfusion injury. Therefore, findings 
in this study suggested that gastrodin can provide protec-
tion against myocardial ischemia‑reperfusion injury, which 
may serve as a reference for better treatment of myocardial 
ischemia‑reperfusion injury.
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