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Calcium overload, inflammation, and apoptosis play important roles in myocardial ischemia-reperfusion injury
(MIRI). Gastrodin pretreatment can alleviate MIRI. This study observed sarcoplasmic reticulum calcium transport ATPase (Ca2+-ATPase, SERCA) and calcium phosphate (PLB) protein expression in the ventricular remodeling process after myocardial infarction to explore the effect of gastrodin pretreatment on MIRI.
Healthy 7-week-old male SD rats were randomly divided into a sham group (A), a model group (B), and gastrodin pretreatment groups C, D, and E (100, 200, and 400 mg/kg, respectively) with 20 in each group. Anterior
descending coronary artery ligation method was used to establish a rat MIRI model with 30-min ischemia and
120-min reperfusion. Cardiac electrophysiological activity was recorded. Serum IL-6 and IL10 levels were determined by ELISA. SERCA activity was tested by colorimetric phosphorus method. SERCA, PLB, and pSer-PLB
protein expression were detected by Western blot.
Compared with the sham group, IL-6 and IL-10 levels were elevated, SERCA2a expression was downregulated,
and PLB protein was elevated in the model group (P<0.05). pSer16-PLB showed no significant difference among
groups, and the ratio of pSer16-PLB/PLB obviously decreased (P<0.05). IL-6 level gradually declined and IL-10
increased in the gastrodin group following concentration elevation. SERCA 2a expression rose in the gastrodin group in a dose-dependent manner (P<0.05). Elevated PLB protein expression showed no significant difference, while pSer16-PLB protein increased (P<0.05), leading to elevated pSer16 PLB/PLB ratio (P<0.05).
Gastrodin pretreatment alleviates MIRI and inflammation injury by regulating SERCA and PLB expression to decrease calcium overload.
Gastrointestinal Agents • Hypoxia-Ischemia, Brain • Sarcoplasmic Reticulum Calcium-Transporting
ATPases
MIRI – myocardial ischemia-reperfusion injury; SERCA – sarcoplasmic reticulum calcium transport
ATPase; PLB – calcium phosphate; TTC – triphenyl tetrazolium chloride; IS – infarct size; LV – left ventricular; AAR – area at risk
http://www.medscimonit.com/abstract/index/idArt/896835
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Background
Acute myocardial infarction is an important cause of sudden cardiac death. Early-stage percutaneous coronary intervention or
thrombolytic therapy can result in timely recovery of myocardial
reperfusion and reduce myocardial infarction range. However,
myocardial ischemia reperfusion can aggravate cardiac dysfunction and myocardial cell damage, leading to intracellular
calcium overload, apoptosis, and inflammation. Clarifying the
mechanism involved is important in the prevention of myocardial ischemia-reperfusion injury. Research shows that calcium
overload, neutrophil aggregation, mitochondrial dysfunction,
and myocardial apoptosis participate in the myocardial ischemia-reperfusion injury process [1,2], in which intracellular calcium overload plays a leading role [3,4]. Intracellular Ca2+ imbalance results in Ca2+ separation and Ca2+ influx imbalance,
causing myocardial intracellular Ca2+ overload. During myocardial ischemia and hypoxia, mitochondria dysfunction results
in insufficient production of ATP and the inhibition of calcium
pump. The Na+/Ca2+ exchange protein is an ATP-independent
transporter, leading to intracellular Na+ elevation and acidosis. PH and ATP recover during myocardial reperfusion. Extraand intra-cellular PH gradient difference activates Na+/H+ and
Na+/Ca2+ exchange, leading to extracellular Ca2+ influx and calcium overload. It causes transient depolarization after myocardial action potential, triggering ventricular arrhythmia [5,6].
Mitochondria regulate intracellular Ca2+ level through a variety of mechanisms. The reperfusion of ischemic myocardium generates oxidative stress, part of the oxygen paradox, in
which the reoxygenation of ischemic myocardium generates
a degree of myocardial injury that exceeds the injury due to
the ischemia alone. Mitochondrial structural damage leads to
mitochondrial dysfunction, generating less ATP and causing
energy-dependent calcium pump dysfunction on endoplasm
omentum, cell membrane, and sarcoplasm. Excessive intracellular Ca2+ cannot be absorbed or eliminated, resulting in intracellular Ca2+ overload [7,8].
Sarcoplasmic reticulum calcium transport ATPase (Ca2+-ATPase,
SERCA) and calcium phosphate (PLB) are key factors of Ca2+
intake in sarcoplasmic reticulum. SERCA is mainly responsible
for actively transporting Ca2+ from cytoplasm to sarcoplasmic
reticulum during myocardial diastole [9,10]. SERCA protein are
classified as SERCA1, SERCA2, and SERCA3 based on encoding
gene. SERCA2 is divided into 3 subtypes: SERCA2a, SERCA2b,
and SERCA2c. SERCA2a highly expresses in skeletal muscle
and myocardial tissue. SERCA overexpression can regulate abnormal Ca2+ level in myocardial tissue [11]. PLB mainly exists
in the ventricular muscle cells; it can regulate Ca2+ intake together with SERCA2a through phosphorylation and dephosphorylation. PLB phosphorylation enhances SERCA2a affinity
with calcium ions, accelerating sarcoplasmic reticulum calcium intake [12]. Gastrodin is effective monomer composition
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extracted from Gastrodia elata with various pharmacological
activities. It was found that gastrodin pretreatment can alleviate ischemia-reperfusion injury, reduce or inhibit extracellular Ca2+ influx, decrease inflammation factor TNF-a and IL-6
release, prevent arrhythmias during ischemia reperfusion, and
increase the scavenging ability of free radicals in rats [13,14].
This study observed SERCA and PLB protein expression in the
ventricular remodeling process after myocardial infarction to
explore the effect of gastrodin pretreatment on MIRI.

Material and Methods
Materials
Experimental animals and grouping
Healthy 7-week-old male SD rats weighting 220~250 g were
provided by the Chinese Academy of Medical Sciences Animal
Experiment Center (license SYXK-2013-0025). These specificpathogen-free (SPF) rats were provided with water and food
according to experimental animal standards. The rats were
randomly divided into a sham group (A), a model group (B),
and gastrodin pretreatment groups C, D, and E (100, 200, 400
mg/kg, respectively) with 20 in each group. Gastrodin was intragastrically administrated at 7 days before modeling (twice
a day, every 12 h), and continued 3 days after modeling. The
dosing volume was 1 ml/100 g, while the rats in group A and
B group were given an equal volume of normal saline.
Rats were used for all experiments, and all procedures were
approved by the Animal Ethics Committee of Linyi City People’s
Hospital.
Experimental drugs and reagents
Gastrodin, triphenyl tetrazolium chloride (TTC), and urethane
were purchased from Sigma (0.1 g TTC dissolved in 5 ml PBS
for use). IL-6, IL-10, and SERCA activity detection kits were from
Nanjing Jiancheng Bioengineering Institute, China. SERCA2a,
PLB, and pSer16-PLB protein antibodies were provided by ABR,
Santa Cruz Biotechnology, USA. Goat Anti-Mouse IgG F(c) secondary antibody was from ZSbio, China. GAPDH antibody was
from Kangchen, China.
Experimental methods
Modeling
The rat ischemia reperfusion model was established according
to the reference method [15]. The rats received 5% urethane
for abdominal cavity anesthesia, and retained a 24-G needle
in the caudal vein. The rats were then fixed and connected by
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Table 1. The IS, LV, AAR of rats in different groups.
Group

Dose (mg/kg)

IS (cm2)

A

—

0.00

B

—

0.73±0.23

1.55±0.27

3.51±0.38

C

100

0.48±0.16 *

1.35±0.29 *

3.55±0.36

D

200

0.30±0.12 *

1.10±0.26 *

3.68±0.32

E

400

0.18±0.07 *

0.85±0.25 *

3.73±0.41

#

AAR (cm2)

LV (cm2)

0.00

3.56±0.39
#

#

#

# &

# &

# &$

# &$

A – control; B – model group; C–E – gastrodin pretreatment group. # P<0.05, compared with group A; * P<0.05, compared with group B;
&
P<0.05, compared with group C; $ P<0.05, compared with group D.
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Figure 1. Gastrodin pretreatment effect on IS/LV, IS/AAR, and AAR/LV in ischemia reperfusion rats. A, control; B, model group; C–E,
gastrodin pretreatment group. # P<0.05, compared with group A; * P<0.05, compared with group B; & P<0.05, compared with
group C; $ P<0.05, compared with group D.

ECG (II lead) and animal breathing machine to control breath
(tidal volume 8 ml/kg, breathing frequency 70 times/min, inspiration and expiration ratio 1: 2). The left common carotid
artery was separated to connect the electrophysiological signal
recorder. Analgesia was used during the operation. The root of
the left anterior descending coronary artery was ligated, and
the rats in the control group received threading but not ligation. After 30-min ischemia, the rats received reperfusion for 2
h. ECG changes was recorded. Ischemia model judgment was:
after the left anterior descending coronary artery was ligated for 5 min, II lead showed ST elevation or QRS complex amplitude increase and broadening fusion with T wave; arterial
blood pressure lowering >20 mmHg; and cyanosis appeared in
vascular ligation of area. Reperfusion model judgment was: cyanosis area disappeared, elevated ST segment decrease >50%
at 30 min after reperfusion, eliminating severe atrioventricular block before reperfusion, mean arterial pressure before ligation < 60 mmHg. The rats were euthanized and the heart
tissue was collected at 4 days after modeling.
TTC staining for infarction area determination
After washing with PBS, the left ventricle was frozen at –80°C
and cut into slices 5-mm thick. Then the section was incubated
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in 1% TTC solution at pH8.5 and 37°C for 30 min. The infarction area showed no staining while normal tissue showed reddish brown. Image pro plus 6.0 software was used to calculate infarction area and IS (infarct size)/LV (left ventricular),
AAR (area at risk)/LV (left ventricular), and IS (infarct size)AAR
(area at risk).
ELISA
Serum IL-6 and IL-10 levels were tested at 450 nm on a microplate reader according to the manual.
SERCA activity detection
SERCA activity was tested by colorimetric phosphorus method according to the kit instructions.
Western blot
Cardiac tissue was cracked by RIPA to extract protein. Protein
concentration was determined by Bradford method. The protein was separated by SDS-PAGE and transferred to PVDF
membrane. After blocking by skim milk for 2 h, the membrane
was incubated in SERCA2a, PLB, and pSer16-PLB monoclonal
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Figure 2. Gastrodin pretreatment effect on serum IL-6 and IL-10 in ischemia reperfusion rats. A, control; B, model group; C–E, gastrodin
pretreatment group. # P<0.05, compared with group A; * P<0.05, compared with group B; & P<0.05, compared with group C;
$
P<0.05, compared with group D.

antibodies (1:1000) at 4ºC overnight, followed by secondary
antibody (1:2500) incubation for 1 h. The membrane was developed by chemiluminescent agent and exposed on X-ray.
Protein imaging system software and Quantity One imaging
analysis software were used for data analysis.

SERCA activity (mol Pi/mg ptor/h)

10

Statistical analysis
SPSS 20.0 (IBM, USA) was used for statistical analysis.
Measurement data were first tested by normality test and pre_
sented as mean ± standard deviation (c±S). One-way ANOVA
or LSD test were used for mean value comparison. P<0.05 was
considered as statistical significance.

Results
Gastrodin pretreatment impact on IS/LV, IS/AAR, and
AAR/LV in ischemia reperfusion rats
The IS and AAR in the groups were B>C>D>E<A (P<0.05), while
LV in the groups showed no significant difference (Table 1).
IS/LV, IS/AAR, and AAR/LV in the gastrodin pretreatment group
were obviously lower than in the model group, and the difference was dose-dependent (P<0.05). Group E showed the most
significant effects (Figure 1).
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Figure 3. Gastrodin pretreatment impact on SERCA activity in
ischemia reperfusion rats. A, control; B, model group;
C–E, gastrodin pretreatment group. # P<0.05, compared
with group A; * P<0.05, compared with group B;
&
P<0.05, compared with group C; $ P<0.05, compared
with group D.

Gastrodin pretreatment impact on SERCA activity in
ischemia reperfusion rats
SERCA activity decreased in group B compared with group A
(P<0.05), whereas it increased in groups C, D, E compared with
group B, and the difference was dose-dependent (P<0.05).
Group E presented the most obvious effect (Figure 3).

Gastrodin pretreatment impact on serum IL-6 and IL-10 in
ischemia reperfusion rats

Gastrodin pretreatment impact on SERCA 2a, PLB, and
pSer16-PLB protein expression in myocardial tissue

Serum IL-6 and IL-10 were increased significantly in group B
compared with group A (P<0.05). IL-6 decreased, while IL-10
increased in group C, D, and E compared with group B, and the
difference was dose-dependent (P<0.05). Group E presented
the most remarkable effect (Figure 2).

Compared with group A, myocardial tissue in group B showed
SERCA 2a downregulation (P<0.05) and PLB elevation (P<0.05).
pSer16-PLB showed no significant change, and the ratio of pSer16-PLB/PLB was decreased (P<0.05). SERCA 2a expression
was upregulated in the gastrodin group compared with group B
(P<0.05). Elevated PLB protein expression showed no significant
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Figure 4. Gastrodin pretreatment impact on SERCA 2a, PLB, and pSer16-PLB protein expression in myocardial tissue. A, control; B,
model group; C, D, E, gastrodin pretreatment group. # P<0.05, compared with group A; * P<0.05, compared with group B;
&
P<0.05, compared with group C; $ P<0.05, compared with group D.

difference, while pSer16-PLB protein increased (P<0.05), leading to pSer16 PLB/PLB ratio elevation (P<0.05) (Figure 4).

Discussion
Myocardial ischemia-reperfusion injury is a common pathological change in clinical practice. Coronary artery bypass surgery,
thrombolytic therapy, and percutaneous coronary angioplasty significantly improve the prognosis of patients with acute myocardial infarction. However, MIRI, such as arrhythmia and cell apoptosis, seriously affects cardiac function recovery. Alleviating MIRI
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has a critical role in the treatment of acute myocardial infarction. Gastrodin has a protective effect on cerebral and myocardial ischemia reperfusion. It can enhance coronary blood flow, reduce endothelin-1 expression in MIRI, and alleviate inflammatory
factor TNF-a and IL-6 levels. It also can alleviate oxidative stress,
prevent thrombosis, decrease peripheral vascular resistance, inhibit myocardial hypertrophy, and suppress myocardial apoptosis [13,14]. This study showed that IS/LV, IS/AAR, and AAR/LV in
the gastrodin pretreatment group were lower than in the model group, and the difference was dose-dependent, suggesting
that gastrodin pretreatment can protect myocardium by reducing the myocardial infarction area after ischemia reperfusion.
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Recent research revealed that inflammatory lesions have an
important role in the MIRI process [9,10]. IL-6 is mainly derived from mononuclear macrophages, endothelial cells, vascular smooth muscle cells, and T/B lymphocytes. It can induce
ICAM-1 gene expression in myocardial cells and promote granulocytes to enter the myocardial ischemia area. ICAM-1 mRNA
overexpression leads to LFA-1 signaling transduction on the
surface of neutrophils to promote adhesion of neutrophils
and endothelial cells. It also mediates neutrophil infiltration
and has a negative inotropic action in proinflammatory factors [11,12]. IL-10 is a type of multi-function negative regulatory factor, and is mainly derived from Th2 cells, activated B
cells, monocytes, and macrophages. It is a protective cytokine
that participates in a variety of cell biological regulations. It
reactively increases after myocardial infarction to downregulate inflammatory reaction. Our results show that serum IL-6
and IL-10 was elevated in the MIRI model group, while IL-6
declined and IL-10 increased in the gastrodin group, and the
difference was dose-dependent, indicating that gastrodin can
alleviate inflammatory injury and protect myocardial tissue.
Myocardial intracellular calcium homeostasis plays an important role in maintaining heart function. SERCA is a key factor in sarcoplasmic reticulum calcium intake, and SERCA2a
is the main form of SERCA expressed in myocardial tissue
[16,17]. Myocardial tissue calcium influx after ischemia leads to

intracellular calcium overload, calcium pump dysfunction, sarcoplasmic reticulum calcium intake reduction, and SERCA activity decline [18,19]. As the main SERCA regulatory protein, PLB
acts through phosphorylation and dephosphorylation [20,21].
Ser16 phosphorylation occurs prior to Thr17 phosphorylation in
PLB, and this study tested pSer16-PLB protein expression level.
This study showed that, compared with the sham group, myocardial tissue in the model group had decreased SERCA activity,
SERCA 2a downregulation, PLB elevation, no significant change
in pSer16-PLB, and the ratio of pSer16-PLB/PLB was reduced.
SERCA activity was enhanced and SERCA 2a expression was
upregulated in the gastrodin group compared with the model group. Elevated PLB protein expression showed no significant difference, while pSer16-PLB protein increased, leading
to pSer16-PLB/PLB ratio elevation. Our results indicated that
SERCA 2a expression, SERCA activity, and pSer16-PLB/PLB ratio were reduced in MIRI. PLB suppression of SERCA was enhanced, resulting in impaired rat myocardial systolic/diastolic
function. Gastrodin pretreatment can regulate calmodulin expression and alleviate ischemia-reperfusion injury.

Conclusions
Gastrodin pretreatment can reduce ischemia-reperfusion injury and inflammation by mediating SERCA and PLB expression,
and alleviating intracellular calcium overload.
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