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The effects of Gastrodin (GD) on cerebral ischemia stimulated researchers to investigate its possible role in 
the progression of arrhythmia associated with cardiac ischemia-reperfusion (IR) damage in rats.  40 
Sprague-Dawley rats were divided into four groups: Sham, Model, GD 50 mg/kg, and GD 100 mg/kg.  
Myocardial ischemia (MI) was caused by the procedure of ligating the left coronary artery, followed by 
reperfusion.  Heart rate (HR), mean arterial pressure (MAP), and rate pressure product (RPP) in rats were 
assessed before and after ischemia and reperfusion, as well as cardiac arrhythmia in experimental rats.  
The I/R damage was evaluated by measuring levels of Na+-K+ATPase and Ca2+-Mg2+ATPase, Creatine 
Kinase-MB (CK-MB), Cardiac Troponin I (cTnI), Gap Junction α-1 (GJα-1), Phospho-GJα-1/total-GJα-1, 
Kir2.1, Bax, Bcl-2, and oxidative indicators.  MGL’s Autodock and Vina programs were used for in silico 
docking studies to identify possible interactions between GJα-1 and Gastrodin.  The animals in the model 
group expressed a substantial decrease in HR, MAP, and RPP compared to the Sham group.  GD-treated 
rats revealed slightly higher values compared to the model group.  Expression of CK-MB and cTnI was 
reduced, and Na+-K+ATPase and Ca2+-Mg2+ATPase expression was increased on GD pre-conditioning.  
Phospho-Cx43/total-Cx43 ratio and Bax expression were increased, whereas GD reduced Bcl-2 
expression.  In silico molecular docking studies suggested the potential binding of GD with the GJα-1 
protein, thus confirming the in vivo results.  GD corrected the arrhythmia in rats subjected to I/R injury by 
increasing Na+-K+ATPase and Ca2+-Mg2+ATPase expression, targeting GJα-1, and modulating the 
expression of Kir2.1.
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Introduction
Among the deaths caused by cardiovascular diseases, 

myocardial cell apoptosis resulting from ischemia is an 
established cause of mortality in individuals.  Hence, car-
diomyopathy induced by ischemia has become a significant 
threat leading to disability or death in developing nations 
(Zhou et al. 2018).  Acute myocardial infarction during the 
early stages, coupled with impaired myocardium, imbal-
ances the electric activity and ventricular polarization, 
resulting in arrhythmia and eventually death (Oknińska et 
al. 2022).  An efficient strategy for correcting myocardial 
ischemia (MI) is retrieving coronary blood flow.  However, 
reperfusion followed by ischemia may worsen cardiac func-

tionality or result in cardiomyocyte damage, leading to 
increased intracellular calcium burden, inflammation, and 
finally, apoptosis (Neri et al. 2017).  Exploring this func-
tional scheme is crucial for effectively implementing strate-
gies for managing MI and reperfusion damage.

The cellular overburden of calcium is the most sub-
stantial factor that induces cardiac arrhythmia.  Sodium-
potassium ATPases (Na+-K+ATPase) and calcium-magne-
sium ATPases (Ca2+-Mg2+ATPase) are crucially involved in 
balancing the cellular calcium feedback mechanism, but in 
individuals with cardiac arrhythmia, the functionality of 
these enzymes in tissues of the myocardium is lowered 
(Kistamás et al. 2020).  The inter-cardiomyocyte intersec-
tion spacing is the morphological basis for the dissipation 
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of action potential associated with myocardial tissues and is 
critically involved in the electric signal and its threshold 
transmission, which eventually relies on the alteration of 
gap junction connexin (Dhein and Salameh 2021).  Twenty-
one members of the connexin family, with a molecular 
weight ranging from 26 to 60 kDa, are present in different 
organs and cells (Garcia-Vega et al. 2021).  Ventricular car-
diomyocytes have an abundant presence of the Gap 
Junction alpha-1 (GJα-1) protein, commonly referred to as 
connexin 43, with lesser expression in endothelial cells, 
fibroblasts, and atrial cardiomyocytes (Pun et al. 2023).  
GJα-1 is required for signal transmission among the myo-
cardial cells.  Expression and allocation of GJα-1 are cru-
cial for balancing electrical signals and activity in the car-
diac gap channels, thereby harmonising cardiac muscles’ 
contraction (Leybaert et al. 2023).  Reports reveal that nor-
mal distribution and activity of GJα-1 are critically required 
for maintaining the standard myocardial functionality of the 
heart (Grune et al. 2021).

Gastrodin (GD) is a phenolic glycoside obtained from 
the dried roots of Gastrodia elata f.  glauca.  Fig.1 shows 
the chemical structure of the GD.  It is often used in tradi-
tional Chinese medicine and has a low level of toxicity.  
GD is frequently used in the treatment of vascular and neu-
rological disorders.  Recently, several studies have shown 
that gastrodin has anti-osteoporosis properties.  Its modes 
of action include antioxidant, anti-inflammatory, and anti-
apoptotic actions.  (Long et al. 2020).  GD can reduce intra-
cellular Ca2+ load and can act as a calcium channel blocker 
(Park et al. 2023).  Increased arterial flexibility, increased 
blood supply, and lowered blood viscosity, thereby improv-
ing microcirculation, could be observed with GD treatment 
(Sutresno et al. 2020).  GD induces a marked reduction in 
lipid peroxidation levels, substantiates free radical scaveng-
ing activity, inhibits oxidative phosphorylation, and 
enhances the activity of genes that encode antioxidant pro-
tein production (Chaudhary et al. 2023).  The findings of a 
study on cardiac hypertrophy in mice demonstrated that the 
inhibitory effects of GD are facilitated through ERK1/2 sig-
nalling and the stimulation of GATA-4 (Pang et al. 2021).  
In the present investigation, a rat model of myocardial I/R 
was developed and studied to determine the effect of GD 
treatment on the expression of GJα-1 coupled with normal 
ventricular harmony; also, the molecular mechanism 
involved in correcting cardiac arrythmia by GD treatment 
was investigated.

Material and Methods
Experimental animals and treatment groups

In this investigation, 40 male healthy Sprague Dawley 
rats (300-350; 80-90 days) were procured from the animal 
facility of The second affiliated Hospital of Chengdu 
Medical College, Sichuan, China, and were accommodated 
in clean and hygienic conditions.  The investigations 
adhered to the procedure outlined in the National Institutes 
of Health Guide for the Care and Use of Laboratory 

Animals (USA), as well as the ethical guidelines set by the 
second affiliated hospital of Chengdu Medical College 
(Reg. No. 483626/2022/MY/CN/2948).  The study also fol-
lowed the recommended guidelines for animal maintenance 
and practice.  The animals were allowed full access to food 
as well as water in vented rooms kept at 20-25°C and 
55-60% moisture content with a 12:12 light-dark pattern.  
Gastrodin (GD) (CAS 62499-27-8) (purity > 98%) was pur-
chased from Chengdu Herbpurify Co., Ltd., Chengdu, 
China.

The experimental subjects were randomly allotted into 
any one of the four groups (n = 10), the Sham group, the 
model group, the GD 50 group (pre-treated with 50 mg/kg; 
1 ml for each rat), and the GD 100 group (pre-treated with 
100 mg/kg; 1 ml into ip. for each rat).  The GD was injected 
intraperitoneally (i.p.) 10 mins before induction of ischemia 
in rats from the GD 50 and GD 100 groups.  On the other 
hand, the two remaining groups of animals, namely the 
Sham group and the model group, received an equivalent 
amount of sterile saline solution via injection.

Animal model of I/R injury
The myocardial I/R animal model was established 

according to the methodology reported by Zhou et al. 
(2023).  Initially, the rats were exposed to anaesthesia intra-
peritoneally (5% Urethane) and were laid flat on their backs 
over an operating table.  ECG recordings for normal cardiac 
functions were obtained noninvasively using the ECGenie 
apparatus (Mouse Specifics, Inc., Framingham, MA) as pre-
viously described by Monroe et al. (2016). The rats that did 
not indicate normal cardiac cycles were eliminated from the 
investigation.  A respiration measuring machine (Yonker 
YK-8000a, Xuzhou ETDZ, Xuzhou, China) for animals, 
having an 8 ml/kg tidal volume, a frequency of respiration 
of 70/minute, and a breathing in and out ratio of 2:1, respec-
tively, was cannulized into the bronchi.  In the left carotid 
artery, a tube was penetrated for epidural anaesthesia.  The 
electrophysiological signals were also recorded from the 
same carotid artery.  To induce ischemia in the rats from the 
model and experimental groups, the descending end of the 
left coronary artery was blocked by ligation using 4/0 silk 
sutures, whereas no ligation was done in the rats from the 
Sham group.  The ischemia was induced for 30 mins, after 
which the animals were subjected to reperfusion for 2 hours, 
and the ECG pattern was recorded.  An elongated ST section 
or increased extent of the QRS wave, coupled with a broader 
wave and merger of the T-wave, a drop in arterial pressure 
of 20 mm Hg, and the appearance of peripheral cyanosis in 
the vicinity of the ligation, confirmed the development of 
the ischemia model.  The success of the reperfusion model 
was confirmed by the fading of cyanosis, a more than half 
reduction in the elevation of the ST segment after 30 mins of 
reperfusion, the absence of atrioventricular blockage before 
surgery, and a reduction of mean artery pressure below 60 
mm Hg.  HR, MAP, and RPP were recorded in animals at 10 
mins (T0) before ischemia, 30 mins following ischemia 
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(T1), 30 mins (T2), 60 mins (T3), and 120 mins (T4) follow-
ing reperfusion, together with monitoring cardiac arrhythmia 
in experimental rats.

Arrhythmia score
The arrhythmia score was evaluated using the minor 

modification approach previously described by Yang et al. 
(2018).  The Lambeth Conventions were used to carefully 
examine the arrhythmias, and the severity of the arrhyth-
mias was determined according to the standards established 
by Walker and Curtis.  

Hematoxylin-eosin (HE) staining
In this study, histopathological studies were performed 

based on the improved method of Zhang et al. (2017).  
After 2 hrs after reperfusion, the heart was quickly removed 
from the individual animal, rinsed, and fixed in 4% parafor-
maldehyde.  After 24 hrs, the specimens were dehydrated 
with the help of ethanol, incorporated into a paraffin block, 
and s l iced us ing an ul t ramicrotome (EM UC7 
Ultramicrotome, Leica Microsystem, Guangdong, China).  
The resulting slices (5 μm) were stained using HE and visu-
alized using a light-field microscope (× 400 magnification).

Assessment of Na+-K+ATPase and Ca2+-Mg2+ATPase levels
The experiment assessed the levels of Na+-K+ATPase 

and Ca2+-Mg2+ATPase using the modified approach 
developed by Ji et al. (2009).  The myocardial tissues below 
the ligature were separated, added to the normal saline solu-
tion at a weight ratio of 1:9, and subjected to homogeniza-
tion in the cold.  The homogenate underwent centrifugation 
at 800 g for 10 mins.  The supernatant was collected and 
employed to assess the levels of Na+-K+ATPase and Ca2+-
Mg2+ATPase expression.  This was accomplished by utiliz-
ing kits from the Jiancheng Biological Engineering Institute 
in Nanjing, China.

Assessment of CK-MB, cTnI and LDH
The study evaluated the concentrations of CK-MB, 

cTnI, and LDH using the modified technique developed by 
Ren et al. (2021).  The specimens of blood were obtained 
following 2 hrs of reperfusion and subsequently underwent 
centrifugation at 1,200 g for 15 mins.  The supernatant was 
separated and analyzed for the estimation of creatinine 
kinase myocardial band (CK-MB), cardiac troponin I (cTnI), 
and lactate dehydrogenase (LDH) levels.  A microplate ana-
lyzer was used to determine the absorbance at 450 nm.

Assessment of the anti-oxidative potential of GD
The antioxidant capacity of GD was evaluated using 

the modified approach described by Farhangi et al. (2017).  
The cardiac tissues were collected and subjected to homog-
enization by Enrichment Sample Homogenizer (ESH) by 
Mark, Merck Ltd., Chengdu, China) using phosphate-buff-
ered saline (PBS) and centrifuged at 10,000 g at 4°C for 20 
mins.  The supernatant was gathered and analyzed for the 

determination of malondialdehyde (MDA) by Ben Attig et 
al. (2023) and superoxide dismutase (SOD) by Soto et al. 
(2014).  using commercially available test kits (Jiancheng 
Biological Engineering Institute, Nanjing, China), follow-
ing the instructions supplied by the manufacturer. 

Assessment of immunochemical markers expression
The experimental animals were sacrificed with a bolus 

dose of anaesthesia, and the hearts were separated.  The 
ventricles were isolated from the heart and subjected to 
cryopreservation in liquid nitrogen (–80°C) until further 
investigation.  The myocardial protein was extracted using 
a blend of protease inhibitors (Roche Applied Science, 
USA) and CelLytic MT tissue lysis and extraction reagents 
(Sigma Aldrich, USA).  The tissue mass was crushed in a 
homogenizer (BeadBug™ microtube homogenizer, Sigma-
Aldrich®, China) for 30 mins at 4°C, and then cryo-centri-
fuged for 15 mins at 3,000 g.  The protein content was mea-
sured by sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE) and then moved onto a poly-
vinylidene difluoride membrane (Millipore, USA) in buffer 
containing 20 mmol/L Tris hydrochloride, 0.15 mol/L gly-
cine, and 20% methanol, employing the Trans-Blot system 
(Bio-Rad Laboratories, USA).  The membranes were 
obstructed using skimmed milk and exposed to a tris buffer 
saline solution with tween 20 surfactant (Sigma Aldrich, 
USA) for an hr at 25oC.  Further, the membranes were 
treated for 12 hrs at 25°C with antibodies against Kir2.1 
(Boster Bio, China), GJα-1 (#3512), phosphorylated-GJα-1 
at Ser368 (#3511), Bax (#2774), Bcl-2 (#15071), GAPDH 
(#97166), and β-actin (#3700) (Cell Signalling, Shanghai, 
China).  Following that, the membranes were exposed to 
incubation with a secondary antibody coupled with horse-
radish peroxidase (HRP) for an hour.  The intensity of the 
developed immunoblots was detected using Gel Pro 
Software (Media Cybernetics, MD, USA).  To normalize 
the protein levels, β-actin and GAPDH were used as nor-
malization controls.

Characterization of In silico molecular docking 
A silico molecular docking evaluation was conducted 

to investigate the potential binding interaction between the 
selected molecule GD and the protein GJα-1, which has 
been identified in vivo.  For the docking study, the ligand 
GD and protein GJα-1 were prepared before analysis.  The 
protein crystal framework of GJα-1 was collected from the 
protein database as a pdb extension file, whereas the struc-
ture of ligand GD was prepared using ChemDraw.  Both 
structures were formatted and prepared by removing any 
water molecules, minimizing energy, and adding Kolmann 
charges.  Both structures were prepared and converted 
in.pdbqt files as required for AutodockVina MGL tools for 
docking.  For initiating the docking, the grid box was pre-
pared with dimensions of x = –2.541, y = 9.121, and z = 
18.144, the coordinate size was selected to be 20, the 
exhaustiveness was 8, and energy was 4.  The docking oper-
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ation was run using Autodock Vina MGL tools.  The figures 
and output files were viewed using the software Pymol, 
which showed the interactions of ligands and proteins.

Statistical assessment
The data was statistically assessed using licensed 

SPSS (Version 19.0, Chicago, USA).  The data is character-
ized as the mean ± SD.  The ratios were compared using 
Chi-square analysis.  The ratio phospho-Cx43/Cx43 was 
processed by one-way ANOVA and subsequently by the 
Bonferroni test among the two groups.  The statistical 
threshold was kept at p < 0.05.

Results
GD modulates hemodynamic and arrythmia

Animals from the model group and experimental 
groups GD50 and GD100 showed lower HR, MAP, and 
RPP than the Sham group animals at T1, T2, T3, and T4.  
Model group animals exhibited significantly (p < 0.05) 
lower HR, MAP, and RPP at T1, T2, T3, and T4 than Sham 
group animals.  However, animals from the GD50 and 
GD100 groups had higher values of HR, MAP, and RPP 
than model group animals (p < 0.05) at T1, T2, T3, and T4.  
Also, there was a marked (p < 0.05) difference between the 
HR, MAP, and RPP between the GD50 and GD100 groups.  
(Fig. 1A-C).  The model group (4.56), the GD50 group, and 
the GD100 group all had significantly (p < 0.05) higher car-
diac arrhythmia scores (3.22 and 1.72) than the Sham group 
(1.17), as shown in Fig. 1D.  

GD attenuates myocardial damage
Animals from the Sham group exhibited the usual 

myocardial architecture and uniform distribution of the 
myocardial filaments.  Inflammatory cell infiltration in the 
mesenchymal myocardium and the non-uniform arrange-
ment of myocardial filaments were depicted in the morphol-
ogy of myocardial tissues from model group animals that 
were subjected to myocardial I/R injury in comparison to 
specimens collected from sham group animals.  However, 
the myocardial damage was less pronounced in myocardial 
tissues retrieved from animals that were pre-treated with 
GD in comparison to that from the model group.  
Myocardial tissue fractions collected from GD100 group 
animals showed a marked reduction in myocardial damage 
compared to that visualized in model and GD50 group ani-
mals (Fig. 2).

GD enhances Na+-K+ATPase and Ca2+-Mg2+ATPase 
expression

The administration of GD resulted in an increase in the 
levels of Na+-K+ATPase and Ca2+-Mg2+ATPase expression 
in the myocardial tissues of rats, as depicted in Fig. 3A, B.  
Rats from the model group and GD50 and GD100-treated 
groups had relatively reduced (p < 0.05) activity of Na+-
K+ATPase and Ca2+-Mg2+ATPase compared to the Sham 
group rats.  However, the activity of Na+-K+ATPase and 
Ca2+-Mg2+ATPase was substantially higher (p < 0.05) in the 
GD50 (26.08 & 27.96) and GD100 (27.81 & 29.55) treated 
groups in comparison to those from the model group (24.89 
& 25.68) that were left untreated with GD.  Among the 
GD50 and GD100 pre-treated animal groups, there was a 

Fig. 1.  Effect of Gastrodin pre-treatment on (A) heart rate, (B) mean arterial pressure, (C) rate pressure product and (D) ar-
rhythmia score in myocardial I/R rat model.

 T0: 10 mins before ischemia; T1: 30 mins after ischemia; T2: 30 mins after reperfusion; T3: 60 mins after reperfusion; 
T4: 120 mins after reperfusion.  a: p < 0.05 compared to the Sham group; b: p < 0.05 compared to the Model group, c: p 
< 0.05 compared to the GD50 group.
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substantial variation (p < 0.05) within the action of Na+-
K+ATPase and Ca2+-Mg2+ATPase. 

GD effectively reduces the CK-MB, cTnI, and LDH levels
In comparison to the Sham group animals, the animals 

from the model group (109.63 U/L and 5.36 mg/mL) and the 
GD50 (72.82 U/L and 3.26 mg/mL) and GD100 (45.88 U/L 
and 3.09 mg/mL) pre-treated groups had substantially 
greater (p < 0.05) expression of CK-MB and cTnI (Fig. 4A, 
B).  The animals belonging to the GD100 groups exhibited 
substantial variation (p < 0.05) compared to both the model 
group and the GD50 group animals.  Similar behaviour was 
seen with LDH levels among the experimental groups.  The 
animals belonging to both the model group (2,109 U/L) and 
the GD-treated groups (1,883 U/L and 1,659 U/L) exhibited 
considerably higher levels (p < 0.05) of LDH in comparison 
to the animals in the Sham group (1,513 U/L) (Fig. 4C).  
Although there was a marked difference in the LDH levels 
between the GD50 and GD100 groups and between the 
model and the GD100 group, In general, the animals in the 
GD100 and GD50 groups exhibited considerably reduced 
expression of CK-MB and cTnI, as well as a lower level of 
LDH, compared to the model group (p < 0.05).  The findings 

of this study suggest that the levels of CK-MB and cTnI 
expression, along with the LDH level, were normalized to 
levels similar to those observed in the Sham group animals.

GD lowers the oxidative stress
Lipid peroxidation occurring during I/R injury indi-

cates oxidative stress, which is estimated by determining 
the MDA level.  Also, a reduction in the SOD level indi-
cates oxidative damage caused by I/R injury.  The results of 
this study demonstrated a substantial rise (p < 0.05) in the 
levels of MDA in the model group (8.06 nmol/mg) com-
pared to the GD50, GD100, and sham groups (7.11 nmol/
mg, 6.18 nmol/mg, and 5.86 nmol/mg) (Fig. 5A).  The lev-
els of SOD were considerably decreased (p < 0.05) in the 
model group (39.68 U/mg) compared to the other tested 
GD50 (59.63 U/mg), GD100 (72.87 U/mg), and sham 
groups (77.59 U/mg) (Fig. 5B).  The findings of this study, 
in animals subjected to I/R injury and pre-treated with GD 
50 mg/kg and 100 mg/kg, indicated a remarkable (p < 0.05) 
reduction in the MDA levels and considerable elevation (p 
< 0.05) in the level of SOD, advocating an antioxidant 
effect induced by GD.  Comparisons within experimental 
groups GD50 and GD100 indicated that there was a signifi-

Fig. 3.  Effect of Gastrodin pre-treatment on Na+-K+ATPase and Ca2+-Mg2+ATPase levels in myocardial I/R rats.
 a: p < 0.05 compared to the Sham group; b: p < 0.05 compared to the Sham group, c: p < 0.05 compared to the Sham 

group.

Fig. 2.  Effect of Gastrodin pre-treatment on myocardial tissue morphology in experimental groups animals visualized after 
HE staining (× 400 magnification).

 A.  Sham group, B.  Model group, C.  GD50 group, and D.  GD100 group.
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cant effect observed in the modulation of oxidative stress 
markers in GD100 group animals.

GD modulated the expression of immunochemical markers 
Administration of GD remarkably (p < 0.05) elevated 

the phospho-GJα-1/total-GJα-1 ratio, which indicates isch-
emic myocardium relative to the non-ischemic myocardium 
ratio, in comparison to I/R model rats that were untreated 
with GD (Fig. 6A, C).  Expression of protein Kir2.1 was 
lower in animals from the model group and GD-treated 

group relative to animals from the Sham group (Fig. 6A, B).  
GD-treated animals had significantly (p < 0.05) higher 
Kir2.1 protein expression (0.61 and 0.83) compared to the 
animals from the model group (0.43).  GD-treated animals 
had significantly (p < 0.05) higher Kir2.1 protein expres-
sion (0.61 and 0.83) compared to the animals from the 
model group (0.43).  The Sham group had high levels of 
both total GJa-α1 and phospho-GJa-α1 protein expression.  
However, the expression levels were lower in the model 
group (0.23 and 0.14) and the tested GD groups (GD50 

Fig. 5.  Effect of Gastrodin pre-treatment on (A) MDA, and (B) SOD level in myocardial I/R rats.
 a: p < 0.05 compared to the Sham group; b: p < 0.05 compared to the Model group, c: p < 0.05 compared to the Sham 

group.

Fig. 4.  Effect of Gastrodin pre-treatment on (A) CK-MB expression, (B) cTnI expression, and (C) LDH level in  
myocardial I/R rats.

 a: p < 0.05 compared to the Sham group; b: p < 0.05 compared to the Model group, c: p < 0.05 compared to the Sham 
group.
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(0.63 and 0.51) and GD 100 (0.84 and 0.64) (Fig. 6C).
The animals in both the model group and experimental 

group exhibited significant upregulation of Bax and down-
regulation of Bcl-2 in comparison to the animals in the 
Sham group (p < 0.05).  However, in animals from the 
GD-treated group, this expression was slightly close to that 
observed in Sham group animals, compared to model group 
animals.  There was a considerable difference in the Bax 
and Bcl-2 expression within the model group (0.69 & 0.26) 
and GD50 (0.42 & 0.48) and GD100 animals (0.35 & 0.89) 
(p < 0.05) (Fig. 7A, B).

GJα-1 had a higher binding affinity for GD.
The results of molecular docking analysis suggested 

that GD had a higher binding affinity for GJα-1.  The values 
of lower binding energies suggested that the ligand GD, 
upon interacting with protein GJα-1, resulted in low energy 
scores (Table 1).  The 3D structure of protein GJα-1 with 
GD showed potential binding of the ligand to the protein 
(Fig. 8A, B).  

Discussion
Myocardial I/R injury results from several clinical 

aspects, such as coronary bypass surgery, cardio-pulmonary 
resuscitation, thrombolytic risk, and heart replacement.  

Associated attributes of myocardial I/R include post-isch-
emic arrythmia, myocardial stress, cardiomyocyte destruc-
tion, and no chances of reflow.  These disturbances may 
result in critical impairment and the death of the individual 
(He et al. 2022).  Therefore, there is an obligatory need to 
explore novel molecules to address the myocardial I/R 
injury issue efficiently.

GD is a therapeutic molecule that has been identified 
as exerting several pharmacological impacts on cardiovas-
cular and cerebrovascular disorders.  However, there has 
been limited knowledge about the protective influence of 
GD on myocardial I/R injury and arrythmia in a rat model 
and its possible mechanism.  Hence, the investigation was 
envisaged to explore the effect and mechanism of GD in the 
reduction of MI-reperfusion injury and cardiac arrhythmia 
in rats.  It is widely known that ventricular arrhythmia-
related deaths may occur as an outcome of myocardial I/R 
damage (Singhanat et al. 2020).  Hence, arrythmia scores in 
all experimental animals were determined in the present 
investigation.  The animals that underwent myocardial isch-
emia/reperfusion (I/R) injury exhibited a significantly 
higher arrhythmia score compared to the animals in the 
Sham group.  However, GD administration before surgical 
intervention ameliorated myocardial I/R injury and reduced 
the arrythmia score in experimental rats in comparison to 

Fig. 6.  Effect of Gastrodin pre-treatment on phospho-GJα-1, total GJα-1 and Kir2.1 protein expression in myocardial I/R 
rats.

 (A) representative Western blots and (B) corresponding graphical representation.  a: p < 0.05 compared to the Sham 
group; b: p < 0.05 compared to the Model group, c: p < 0.05 compared to the Sham group.
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those in the model group.
In our investigation, a 30-mins myocardial ischemic 

event followed by a 2-hour reperfusion episode of the left 
coronary artery resulted in substantial impairment of HR, 
MAP, and RPP in rats, coupled with a marked enhancement 
in the arrhythmic score.  These findings confirmed the suc-
cessful development of a myocardial I/R injury in experi-
mental rats.  In rats from the Sham group, there were no 
statistically substantial variations in the HR, MAP, or RPP.  
Rats subjected to myocardial I/R damaged suffer severe 
reductions in HR, MAP, and RPP.  However, treatment of 
myocardial I/R damage animals with GD revealed signifi-
cant improvisation in the HR, MAP, and RPP values.  A 
substantial reduction in the arrhythmic score and normalisa-
tion of the HR, MAP, and RPP indicate the protective 
impact of GD in rats with myocardial I/R injury.

Several factors are concerned with the development of 
heart disorders and their progression.  Cardiomyocytes may 
undergo deterioration and mortification after an ischemic 
episode.  Injury mediated by reperfusion may enhance the 
membrane penetrability of cardiomyocytes and the serum 
expression of markers associated with injury to myocardial 
tissues (Nasiłowska-Barud et al. 2017).  Cell membrane 

damage results in increased LDH leakage and is hence 
regarded as an important biomarker of myocardial damage 
during reperfusion (Wang et al. 2019).  The present investi-
gation exhibited marked elevation in the LDH in the rats 
exposed to myocardial I/R injury, whereas in rats that were 
given GD, there was a marked reduction in the LDH level.  
These findings advocate that GD may partially occur 
through this mechanism, resulting in attenuation of the 
myocardial injury due to I/R.  Also, the magnitude of the 
myocardial tissue damage is associated with the levels of 
CK-MB and cTnI (Promsan et al. 2016).  CK-MB is a 
highly sensitive detector for MI, whereas cTnI, a specific 
protein present in myocardial tissues, is almost untraceable 
in the serum under normal cardiac conditions, but its release 
is initiated in the circulation if the myocardial cell mem-
brane no longer remains intact.  In general, elevated levels 
of CK-MB and cTnI in an individual are an indication of 
myocardial muscle damage (Wu et al. 2021).  Hence, the 
obvious biomarkers used to diagnose and detect damage to 
the myocardial tissues due to ischemia are CK-MB and 
cTnI.  In our investigation, the CK-MB and cTnI levels 
were considerably greater in the myocardial tissues that 
were subjected to myocardial I/R injury compared to the 

Fig. 7.  Effect of Gastrodin pre-treatment on Bax and Bcl-2 protein expression in myocardial I/R rats.
 (A) representative Western blots and (B) corresponding graphical representation.
 a: p < 0.05 compared to the Sham group; b: p < 0.05 compared to the Model group, c: p < 0.05 compared to the Sham 

group.

Table 1.  Docking scores for protein GJα-1 with the ligand GD.

Mode of ligand Affinity (kcal/mol) Distance from rmsd l.b Best mode rmsd u.b

1 –8.2 0.000 0.000
2 –8.2 19.225 18.241
3 –8.0 3.215 8.220
4 –7.9 6.511 7.160
5 –7.8 17.210 20.122
6 –6.8 4.215 6.121
7 –6.6 20.227 21.421
8 –6.5 20.120 21.546
9 –6.5 2.291 5.220
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Sham group.  However, GD treatment revealed a marked 
reduction in the CK-MB and cTnI levels in the serum of 
rats with myocardial I/R injury.  The findings provide con-
vincing evidence that GD could attenuate the injury in 
myocardial tissues caused by ischemia and reperfusion.

Oxidative phosphorylation in the mitochondria and the 
production of ATP are markedly reduced after an increase 
in Ca2+ in the mitochondrial matrix due to MI (Boyman et 
al. 2020).  After an ischemic event, there is a notable surge 
in reactive oxygen species and associated oxidative stress 
markers that further lead to damage to the cell membrane, 
thereby enhancing cell permeability.  In the present investi-
gation, the levels of MDA and SOD were measured.  After 
a severe oxidative stress challenge, as in MI, the MDA lev-
els are known to increase, indicating lipid peroxidation, 
whereas the level of an antioxidase, SOD, is found to be 
reduced (Hong et al. 2017).  Results from our investigation 
revealed increased levels of MDA in the myocardial tissues 
collected from rats that were exposed to myocardial I/R 
injury, whereas the levels were lowered in rats that were 
treated with GD.  In animals from the ischemic model 
group, the myocardial tissue SOD level was lowered, and 
the level was enhanced in the myocardial tissues of rats in 
the GD-treated group.  The neuroprotective activity of GD 
against cerebral ischemia is due to its anti-inflammatory 
and antioxidant effects (Emmez et al. 2022).

Overload of Ca2+ is an important mediator in the 
induction of myocardial I/R injury (Wang et al. 2018).  Na+-
K+ATPase is a membrane protein and is required for the 
conversion of cell energy.  Ischemia resulting in cardiac 
dysfunction inhibits the activity of Na+-K+ATPase at the 
level of the sarcolemma, thereby leading to the accumula-
tion of extracellular K+ and intracellular Na+ (Obradovic et 
al. 2023).  Significant cardiac damage during myocardial I/
R injury is reflected by lowered Na+-K+ATPase.  Ca2+-
Mg2+ATPase is triggered due to increased Ca2+ to an extent 
when Ca2+ is moved out of the cells, thereby reducing intra-
cellular Ca2+ concentration.  Reports suggest that Ca2+-

Mg2+ATPase activity is markedly reduced in the event of 
myocardial I/R injury (Xie et al. 2016).  The results of our 
investigations revealed that the expression of both Na+-
K+ATPase and Ca2+-Mg2+ATPase is reduced in the myocar-
dial tissues of rats subjected to myocardial I/R injury.  Pre-
treatment with GD revealed a marked increase in the 
activity of Na+-K+ATPase and Ca2+-Mg2+ATPase in the 
myocardial tissues that experienced myocardial I/R injury.  
The findings advocate the cardioprotective effect of GD, as 
revealed by balancing the energy metabolism and overload-
ing Ca2+.

Myocardial cell apoptosis is triggered after the reper-
fusion injury, which further progresses to severe damage to 
the cardiac tissues (Belliard et al. 2016; Wang et al. 2020; 
Lodrini and Goumans 2021).  During the apoptotic process, 
Bax and Bcl-2 proteins play a significant role in regulating 
the permeability of the exterior mitochondrial membrane 
(Qian et al. 2022).  Bax stimulates the formation of pores, 
and Bcl-2 impedes the same.  Bax modulates mitochondrial 
functionality and activates the caspase cascade, which fur-
ther aggravates the apoptotic process (McKenna et al. 
2021).  Overall, Bax and Bcl-2 are employed as critical 
markers of apoptosis.  Results from our investigation exhib-
ited that GD reduced the elevated Bax expression, which is 
a pro-apoptotic protein, after an event of myocardial I/R 
injury without influencing Bcl-2 expression, which is an 
anti-apoptotic protein.  The intactness of mitochondria 
could be expected to be favoured as the Bax/Bcl-2 ratio sig-
nificantly displaces Bcl-2 (Qian et al. 2022).  These findings 
provide evidence that GD triggers an anti-apoptotic effect 
in myocardial I/R injuries.

Out of several gap junction connexins present in the 
body, GJα-1 is of critical significance in sustaining the reg-
ular performance of the myocardial tissues.  The GJα-1 pro-
tein, encoded by the GJA1 gene, is disseminated in cardio-
myocyte junctions to execute the transmission of cellular 
and biochemical information and energy transfer.  GJα-1 is 
responsible for harmonising the cardiac cycle and maintain-

Fig. 8.  Effect of Gastrodin pre-treatment on binding affinity for GJα-1.
 Ribbon structure and (B) Solid surface structure of interaction between GJα-1 protein and GD.
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ing the electrical activity of the heart (Kajiwara et al. 2018).  
One more protein that is of utmost importance in maintain-
ing the consistency of the resting potential of the membrane 
is Kir2.1, encoded by the gene KCNJ2.  Dephosphorylation 
of GJα-1 could lead to a lowering of cellular energy and 
extend the span of action potential and repolarization, 
thereby resulting in transmission blockage.  Disturbances in 
the availability and expression of GJα-1, lead to discontinu-
ity of the intracellular electrical transmission and cause 
arrythmia (Chang et al. 2015).  A reduction in the expres-
sion or function of Kir2.1 induces repolarization during 
phase 3 of the action potential, thereby extending it and 
leading to cardiac arrythmia (Reilly and Eckhardt 2021). 
During an event of myocardial I/R injury, the GJα-1 
dephosphorylation results in an attenuation of communica-
tion between gap junctions within the myocardial cells, 
ultimately leading to cardiac arrythmia (Peng et al. 2022).  
A reduction in the phosphorylation of GJα-1 during myo-
cardial I/R injury leads to an increase in the arrythmia score 
(Yang et al. 2021).  The findings of our investigation 
revealed a significant rise in the phospho-GJα-1/total-GJα-1 
ratio and Kir2.1 in the myocardial fractions of GD-treated 
rats compared to those left untreated, thereby testifying to 
the reduction in arrythmia score.  Also, the results of molec-
ular docking suggested potential binding between GD and 
GJα-1.  Phosphorylation of GJα-1 at Ser368 blocks phos-
phorylation of GJα-1 at its other residues, which modulates 
the transmissions in cellular gap junctions, thereby inhibit-
ing cardiac arrythmia (Zhang et al. 2023).  An increase in 
the phospho-GJα-1/total-GJα-1 ratio and Kir2.1 expression 
may both be involved together to disclose the mechanism 
of GD in attenuating myocardial I/R injury and arrythmia in 
rats.

Conclusion
In its entirety, the administration of GD treatment 

exhibited a mitigating effect on arrhythmia in rats that 
underwent I/R injury.  This effect was achieved through the 
upregulation of Na+-K+ATPase and Ca2+-Mg2+ATPase 
expression, the targeting of GJα-1, and the modulation of 
Kir2.1 expression.
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