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 Background: Cardiac infarction frequently leads to arrhythmia and ischemia/reperfusion (I/R) aggravates cardiac injury. 
Pinocembrin can resist cerebral ischemia and decrease cardiac infarction area. This study thus generated a 
rat myocardial I/R model to assess the effect on ventricular rhythm and expression of gap junction connexin 
(Cx43).

 Material/Methods: Male SD rats were randomly assigned into sham, model, and pinocembrin (30 mg/kg) pretreatment groups 
(N=15 each). The I/R model was generated by ligation of the left anterior descending coronary artery for 30 
min. The pinocembrin group received intravenous injection 10 min before surgery. Heart rate (HR), mean ar-
tery pressure (MAP), rate pressure product (RPP), and arrhythmia were observed at 10 min before ischemia, 30 
min after ischemia, and at 30, 60, and 120 min after reperfusion. ELISA was used to assess serum CK-MB and 
cTnI levels. Na+-K+ATPase and Ca+-Mg2+ATPase levels were quantified by spectrometry, followed by HE stain-
ing, IHC approach for Cx43 expression, and Western blot for Kir2.1 protein expression.

 Results: Model rats had significantly lower HR, MAP, and RPP than in the sham group, and the pinocembrin pretreat-
ment group had higher serum indexes. Arrhythmia index, CK-MB, and cTnI were higher in the model and pino-
cembrin groups, while Na+-K+ATPase, Ca+-Mg2+ATPase, Cx43, and Kir2.1 proteins were lower (p<0.05).

 Conclusions: Pinocembrin alleviated ventricular arrhythmia in I/R rats via enhancing Na+-K+ATPase and Ca+-Mg2+ATPase ac-
tivity and upregulating Cx43 and Kir2.1 protein expression.
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Background

Acute myocardial infarction is an important cause of cardiac 
death. Early acute myocardial ischemia and myocardial damage 
destabilize electric activity and ventricular repolarization, lead-
ing to malignant arrhythmia or death [1,2]. An effective treat-
ment for myocardial ischemia is to recover coronary blood flow, 
but reperfusion after ischemia may lead to cardiac function or 
cardiomyocyte injury, causing intracellular calcium over-load, 
cell apoptosis, and inflammation. Defining the functional mech-
anism is important for preventing myocardial ischemia/reper-
fusion (I/R) injury. Pinocembrin is a flavonoid compound orig-
inated from propolis, which has anti-oxidation and protective 
effects for the cardiovascular system. It can resist against I/R 
injury via anti-oxidation, alleviating calcium overloading, inhib-
iting inflammation and cardiomyocyte apoptosis. Pinocembrin 
can alleviate ventricular fibrillation and cardiac infarction area 
in I/R rats, and can increase expression of phosphorylated gap 
junction connexin, thus protecting myocardial tissues [3,4]. 
Currently, the related functional mechanism of pinocembrin in 
resisting against myocardial I/R injury has not been defined.

Intracellular calcium overloading is an important cause of car-
diac arrhythmia. Na+-K+ATPase and Ca2+-Mg2+ATPase play im-
portant roles in maintaining intracellular calcium homeostasis, 
as their enzymatic activity is decreased in myocardial tissues 
in arrhythmic patients [5,6]. The gap junction between cardio-
myocytes is the structural basis for dispersion of myocardial 
tissue action potential, and plays an important role in cellu-
lar electric coupling and action transmission, mainly depend-
ing on change in gap junction connexin [7,8]. The major gap 
junction connexin in ventricular cardiomyocytes is Cx43. Under 
cardiac pathological conditions, humoral factors show abnor-
mal levels, thus affecting expression, translocation, and dis-
tribution of gap junction connexin, disrupting communication 
between cardiomyocytes, enhancing cardiac potential de-cou-
pling rate, and inducing cardiac arrhythmia [9,10]. The pres-
ent study generated a rat myocardial I/R model in which the 
effect of pinocembrin pretreatment on Cx43 expression and 
ventricular rhythm was observed to determine the functional 
mechanism involved in alleviating cardiac arrhythmia on the 
molecular level, and to provide evidence for clinical treatment.

Material and Methods

Experimental animals and grouping

Healthy male SD rats (10 weeks age, body weight 350–400 
g) were provided by the Laboratory Animal Center of Fudan 
University (Certificate No. SYXK-2013-0025) and were kept 
in an SPF-grade animal house with standard food and water. 
Rats were randomly assigned into a sham (A) group, model 

(B) group, and 30 mg/kg pinocembrin pretreatment (C) group 
(N=15 each). Group C received intravenous injection of pino-
cembrin 10 min before ischemia, while groups A and B re-
ceived an equal volume of saline.

Rats were used for all experiments, and all procedures were ap-
proved by the Animal Ethics Committee of Zhongshan Hospital, 
Fudan University.

Drugs and reagents

Pinocembrin (Beisite Chem, China), urethane (Sigma, US), test 
kits for CK-MB, and cTnI and rat Cx43 immunohistochemistry 
(IHC) stain were purchased from Zhongshan Jinqiao (China). 
Rabbit anti-rat Kir2.1 monoclonal antibody, secondary anti-
body, and DAB kit were from Boster Bio, China.

K+ATPase, Ca2+-Mg2+ATPase test kits were from Jiancheng Bio, 
China.

Animal model preparation

The rat I/R model was generated following previous meth-
ods [11]. Rats were anesthetized by intraperitoneal injection of 
5% urethane and were fixed in supine position. By EKG electrode 
recording, rats with abnormal cardiac function were excluded. 
A small-animal respiration machine (tidal volume 8 ml/kg, re-
spiratory rhythm 70 per min, exhalation/inhalation ratio 1: 2) 
was connected to branchial intubation. The left common carot-
id artery was separated for insertion of the epidural anesthesia 
tube, which was connected to an electrophysiology recorder. 
The descending branch of the left coronary artery was ligated. 
In the sham group, vessels were not ligated. After 30-min isch-
emia treatment, 2-h reperfusion was performed to record the 
EKG pattern. The ischemia model was verified as elevated ST 
segment or higher magnitude of QRS wave group, plus wider 
waves and T wave fusion, and more than 20 mmHg decrease 
of artery pressure, with cyanosis on ventricular walls at the li-
gated region. The reperfusion model was verified as the dis-
appearance of cyanosis, more than 50% decrease of ST seg-
ment elevation at 30 min after reperfusion, and exclusion of 
severe atrioventricular block before surgery, with lower than 60 
mmHg mean artery pressure (MAP). Rat heart rate (HR), MPA, 
and rate pressure product (RPP) were measured at 10 min be-
fore ischemia (T0), 30 min after ischemia (T1), 30 min after re-
perfusion (T2), 60 min after reperfusion (T3), and 120 min after 
reperfusion (T3), along with observation of cardiac arrhythmia.

Spectrometry for myocardial Na+-K+ATPase and 
Ca2+-Mg2+ATPase

Myocardial tissues were homogenized and quantified for 
protein using Coomassie brilliant blue and spectrometry 
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phosphorus determination. Na+-K+ATPase and Ca2+-Mg2+ATPase 
were determined following instructions of the test kit.

ELISA for measuring serum CK-MB and cTnI level

Following manual instructions, absorbance (A) values at 45 
0nm wavelength were measured using a microplate reader.

HE staining and observation

Myocardial tissues were fixed in paraformaldehyde and were 
prepared for paraffin-based slices (5 μm). After hematoxylin-eo-
sin staining, slices were observed under a light-field microscope.

IHC approach to quantify myocardial Cx43 expression

Rats were sacrificed to collect myocardial tissues, which were 
immersed in paraformaldehyde and were prepared for paraf-
fin-based slices (5 μm). After de-waxing and antigen retriev-
al, hydrogen peroxide was added for primary antibody (Cx43 
at 1: 100) incubation, followed by adding polymer enhancer, 
and enzyme-labelled anti-rabbit/rat polymers. DAB staining 
was performed, followed by counter-staining, dehydration, 
and mounting. Image-pro plus software was used for analy-
sis. Five different fields were selected around the tumor tis-
sue under a 40× scope to record number of positive cells for 
calculating average values.

Western blot for determining Kir2.1 protein expression

Total proteins were extracted from cells, separated by SDS-
PAGE, and were transferred to PVDF membranes. After block-
ing in defatted milk powder, Kir2.1 protein monoclonal anti-
body (1: 500) was added, in parallel with GAPDH antibody (1: 
1000) for overnight incubation. After TBST rinsing, secondary 
antibody (1: 2000) was added for 1-h incubation, followed by 
substrate development in the dark. Bands were analyzed by 
Quantity One imaging software.

Statistical methods

SPSS 19.0 was used for statistical analysis. Comparison of ra-
tios was performed by chi-square analysis. Measurement data 
were first tested for normality and are presented as mean ± 
standard deviation (SD). One-way analysis of variance (ANOVA) 
was performed to compare means among multiple groups, fol-
lowed by LSD test between 2 groups. A statistical significance 
was defined when p<0.05.

Results

Effects of pinocembrin pretreatment on hemodynamic and 
arrhythmia in I/R rats

At T1, T2, T3, and T4, group B and group C had lower HR, MAP, 
and RPP. Group B had significantly lower HR, MAP, and RPP 
than group A at T1, T2, T3, and T4. Group C had higher HR, MAP, 
and RPP than group B (p<0.05). Group B and C had higher car-
diac arrhythmia scores than group A, while group C had low-
er scores than group B (p<0.05, Figures 1, 2).

Effect of pinocembrin pretreatment on CK-MB and cTnI 
expression in I/R rats

Group B and group C and higher CK-MB and cTnI levels than 
group A, and group C had lower CK-MB and cTnI levels than 
group B (p<0.05, Figure 3).

Effects of pinocembrin pretreatment on Na+-K+ATPase, 
Ca2+-Mg2+ATPase levels in I/R rats

Group B and C had lower Na+-K+ATPase, Ca2+-Mg2+ATPase than 
group A (p<0.05). Group C had higher Na+-K+ATPase, Ca2+-
Mg2+ATPase levels than group B (p<0.05, Figure 4).

Myocardial morphology of rats

The sham group had normal myocardial morphology and reg-
ular arrangement of myocardial fibers. The model group had 
irregular arrangement of myocardial fibers, with inflammato-
ry cell infiltration in myocardial mesenchymal. Stained myo-
cardial fibers showed platelet-like distribution. The pinocem-
brin group showed significant improvement of myocardial 
tissues (Figure 5).

Effects of pinocembrin pretreatment on Cx43 and Kir2.1 
protein expression in I/R rats

Cx43 protein was strongly positively expressed in the sham 
group, with regular band distribution. The model group had 
lower Cx43 expression with dispersed dotted distribution with-
out regular patterns. Group B and C had lower Cx43 and Kir2.1 
levels than group A (p<0.05). Group C had higher Cx43 and 
Kir2.1 protein expression than group B (p<0.05, Figures 6–8).

Discussion

Cardiomyocytes may be denatured and undergo necrosis and 
lysis during ischemia. A multitude of factors are involved in the 
occurrence and development of heart disease [12]. Reperfusion 
injury potentiates membrane permeability of cardiomyocytes 
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and elevates myocardial injury marker levels in serum. The 
severity of myocardial tissue injury is correlated with CK-MB 
and cTnI levels [13,14]. Recent findings show that a variety of 
components from plants, such as malvidin, contribute to car-
dioprotective effects against isoproterenol-induced myocardi-
al infarction in rats [15]. In the present study, I/R model rats 
had significantly higher serum CK-MB and cTnI levels than in 
the control group, and the pinocembrin pretreatment group 
had remarkably lower CK-MB or cTnI levels. HE staining also 
confirmed alleviated myocardial tissue injury in the pinocem-
brin pretreatment group, indicating that pinocembrin pretreat-
ment can alleviate rat myocardial I/R injury. The pathogenesis 
mechanism of cardiac arrhythmia has not been fully defined. 
Some studies showed that it might be related with degener-
ation of transmission fibers and pacemaker cells, abnormal 

ion channels, abnormal tension of the vagus nerve, or bilater-
al transmembrane ion transport in myocardial cells [16,17]. As 
the common ion driving pump in membranes, Na+-K+-ATPase 
is responsible for transmembrane transport of Na+ and K+. It 
can maintain the concentration gradient of Na+ and K+ across 
membrane and resist electrochemical gradients. A major func-
tion of Ca2+-Mg2+-ATPase is to actively transport Ca2+ out of 
cells and to take Ca2+ into the sarcoplasmic reticulum. Due to 
disordered Ca2+ release from the repository, the sarcoplasmic 
reticulum has lower permeability of Ca2+ and suppressed Ca2+ 
inflow, causing slow auto-depolarization of sinus node and 
inducing chronic cardiac arrhythmia. Both Na+-K+-ATPase and 
Ca2+-Mg2+-ATPase participate in ion channel and ion transport 
of cardiomyocytes [16,17]. Bilateral ion transport is the basis 
for action potential formation. Due to the effect of membrane 

HR
 (p

er
 m

in)

T0 T1 T2 T3 T4

Time (min)

Pinocembrin and HR in I/R rats

*

*#

450

400

350

300

250

M
AP

 (m
inH

G)

T0 T1 T2 T3 T4

Time (min)

Pinocembrin and MAP in I/R rats

*
*#

140

120

100

80

60

A
B
C

A B

Figure 1.  Effects of pinocembrin on HR and MAP of I/R rats. T0 – 10 min before ischemia; T1 – 30 min after ischemia; T2 – 30 min after 
reperfusion; T3 – 60 min after reperfusion; T4 – 120 min re-perfusion. HR – heart rate; MAP – mean artery pressure. 
A – Sham group; B – model group; C – pinocembrin group. * p<0.05 compared to group A; # p<0.05 compared to group B.
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Figure 2.  Effects of pinocembrin on I/R rat RPP and cardiac arrhythmia. T0 – 10 min before ischemia; T1 – 30 min after ischemia; T2 
– 30 min after reperfusion; T3 – 60 min after re-perfusion; T4 – 120 min reperfusion. RPP – rate pressure product. A – sham 
group; B – model group; C – pinocembrin group. * p<0.05 compared to group A; # p<0.05 compared to group B.
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Figure 4.  Effects of pinocembrin pre-treatment on Na+-K+ATPase 
and Ca2+-Mg2+ATPase levels in I/R rats. A – sham 
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Figure 5.  Myocardial tissue morphology change (HE staining, ×400). A – sham group; B – model group; C – pinocembrin group.

Figure 6.  IHC staining for Cx43 in myocardial tissues. A – sham group; B – model group; C – pinocembrin group.
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permeability, abnormal ion channel of myocardial tissues is 
the major cause of chronic cardiac arrhythmia [18,19]. Our 
study shows that pinocembrin pretreatment can significantly 
elevate Na+-K+-ATPase and Ca2+-Mg2+-ATPase activity in I/R rat 
myocardial tissues, maintain normal ion concentration gradi-
ent and electrochemical gradient inside and outside of cells, 
and maintain normal cellular energy metabolism.

Major gap junction connexins in human tissues include Cx40, 
Cx43, and Cx45. Cx43 is the major connexin between cardiomy-
ocytes. Cx43 functional gene locates on chromosome 6 and is 
mainly coded by GJA1 gene. Cx43 protein is distributed in groups 
at cardiomyocyte junctions to maintain cellular communication, 
energy exchange, and chemical information transmission. Cx43 
down-regulation can de-couple cell electricity, elongate action 
potential duration and process of repolarization, causing trans-
mission arrest. Cx43 thus plays an important role in maintain-
ing normal development of the heart, synchrony of whole car-
diac electrical activity, and coordination or secretion [19,20]. 
Abnormal expression and distribution of Cx43 can cause weak-
ened electrical transmission coupling and intracellular trans-
mission and induce reentrant arrhythmia. Homozygous Cx43 
gene knockout mice had normal heart structure and constric-
tion function but died at 2 months of age due to spontaneous 
ventricular arrhythmia; gene therapy to enhance Cx43 gene ex-
pression in those mice can protect against those lethal arrhyth-
mia [21,22]. Gap junction structure and function play important 
roles in onset and progression of cardiac arrhythmia. Major gap 
junction protein in myocardial tissues Cx43 has close correla-
tion with cardiac arrhythmia. Kir2.1 protein is mainly encod-
ed by KCNJ2 gene on chromosome 17. Kir2.1 protein-induced 
IK1 current can maintain stable membrane resting potential. 
Decreased Kir2.1 protein expression or function can decrease 
phase 3 rapid repolarization current magnitude of action po-
tential, and elongate QT intermittent period or action potential 
duration, causing cardiac arrhythmia [22,23]. Our study shows 
decreased Cx43 and Kir2.1 protein expression in model rat myo-
cardial tissues, and elevated Cx43 and Kir2.1 protein expres-
sion after pinocembrin pretreatment, probably forming a sin-
gle functional mechanism of pinocembrin to alleviate cardiac 
arrhythmia in I/R rats. Up-regulation of Cx43 and Kir2.1 protein 

expression is correlated with GJA1 and KCNJ2 gene expression 
for Cx43 and Kir2.1 protein coding [24,25]. Opening/closure of 
gap junction channel is correlated with multiple factors such as 
intracellular Ca2+ level, cytoplasmic pH, transmembrane poten-
tial, and phosphorylation status of connexin, along with low-
er intracellular Ca2+ level or decreased electric transmission in 
gap junction, in a dose-dependent manner. Pinocembrin can en-
hance Ca2+-Mg2+-ATPase to maintain cardiac ion channel, and 
can up-regulate Cx43 protein expression, thus exerting anti-ar-
rhythmia effects. Moreover, as a major component of propolis, 
pinocembrin was reported to induce cytoprotective effects in 
human cells [26]. Pinocembrin can also function as an antioxi-
dant and anti-inflammatory molecule, and counteract the del-
eterious effects elicited by reactive species/free radicals and 
attenuates inflammation [27]. Future research based on in vivo 
data are necessary to evaluate the cytoprotective effect of pi-
nocembrin in clinical practice.

Conclusions

Pinocembrin pretreatment can alleviate the functional mech-
anism of cardiac arrhythmia in I/R rats via enhancing Na+-K+-
ATPase and Ca2+-Mg2+-ATPase and upregulating Cx43 and Kir2.1 
protein expression level. It can restore cellular gap junction con-
nexin function and IK1 current via enhancing gap junction- or 
ion channel-related gene or protein expression, and correct ac-
tion potential, P-R intermittent period, QRS duration, intracellu-
lar transmission velocity, and suppress cardiac arrhythmia. The 
mechanism regulating Cx43 and Kir2.1 protein expression might 
involve GJA1 and KCNJ2 genes, but this requires further studies.
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