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1. Introduction

  Ischemia/reperfusion (I/R) injury refers to the pathophysiological 

phenomenon that the metabolism dysfunction occurs and the 

structural damage is further aggravated after the recovery of blood 

perfusion in ischemic tissue. The I/R injury in patients with coronary 

heart disease after reperfusion treatment can affect the therapeutic 

effect, aggravate myocardial injury, and increase the occurrence 

risk of serious complications such as malignant arrhythmia and 

cardiac sudden death[1,2]. Anaerobic glycolysis enhancement and 

energy metabolism disorder are the basis of I/R injury in myocardial 

tissue, so improving cell energy metabolism is an effective means 

to prevent I/R injury after myocardial reperfusion therapy. Fructose 

1,6-diphosphate (FDP) is the intermediate product of glucose 

metabolism that can activate intracellular phosphofructokinase and 

pyruvate kinase to improve the energy metabolism of cells [3,4]. In 

recent years, the value of FDP for reducing myocardial ischemia 

reperfusion injury has received more and more attention, but the 

specific molecular mechanism remains unclear. Janus kinase 

2-Signal transducer and activator of transcription 3 (JAK2- STAT3) 

pathway is an important signaling pathway that regulates cell 

survival and cell function and is closely related to the myocardial 

cell damage. In the following study, we specifically explored 

Objective: To study the effect of fructose 1,6-diphosphate (FDP) on myocardial ischemia 

reperfusion injury in rats and its molecular mechanism. Methods: Male SPF SD rats were 

selected as experimental animals and randomly divided into four groups. Sham group received 
sham operation, I/R group were made into myocardial ischemia reperfusion injury models, 
FDP group were made into myocardial ischemia reperfusion injury models and then were given 
FDP intervention, and FDP+AG490 group were made into myocardial ischemia reperfusion 
injury models and then were given FDP and JAK2 inhibitor AG490 intervention. Results: CK, 

CK-MB, cTnI and LDH contents in serum as well as Bax and Caspase-3 protein expression 
in myocardial tissue of I/R group were significantly higher than those of Sham group whereas 
Bcl-2, p-JAK2 and p-STAT3 protein expression in myocardial tissues were significantly lower 
than those of Sham group; CK, CK-MB, cTnI and LDH contents in serum as well as Bax and 
Caspase-3 protein expression in myocardial tissue of FDP group were significantly lower than 
those of I/R group whereas Bcl-2, p-JAK2 and p-STAT3 protein expression in myocardial 
tissue were significantly higher than those of I/R group; CK, CK-MB, cTnI and LDH contents 
in serum as well as Bax and Caspase-3 protein expression in myocardial tissue of FDP+AG490 
group were significantly higher than those of FDP group whereas Bcl-2 protein expression 
in myocardial tissue was significantly lower than that of FDP group. Conclusion: FDP could 

reduce the myocardial ischemia reperfusion injury in rats by activating the JAK2/STAT3 
pathway.
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whether FDP could alleviate the myocardial ischemia reperfusion 

injury in rats through the JAK2/STAT3 pathway.

2. Materials and methods

2.1. Experimental animals

  Male SPF SD rats weighing 250-350 g were selected as the 

experimental animals, and were bought from Laboratory Animal 

Center of Ningbo University with permit SYXK2013-0191. The 

rats had free to eat and drink. The animal experiment was approved 

by the Hospital Ethical Review, and the animal experiments and 

treatment after death were conducted following standard rules.

2.2. Experimental materials

  FDP and JAK2 inhibitor AG490 were bought from the Sigma 

Company, enzyme-linked immunosorbent assay kits were purchased 

from Shanghai Westang Biotechnology Company, and the first 

antibodies and HRP-labeled second antibodies of p-JAK2, JAK2, 

p-STAT3, STAT3, Bcl-2, Bax, Caspase-3 and 毬-actin were bought 

from Santa Cruz Company.

2.3. Experimental methods

2.3.1. Animal experiment methods
  The experimental animals were randomly divided into Sham group, 

I/R group, FDP group and FDP+AG490 group, with 8 in each group. 

I/R group, FDP group and FDP+AG490 group were established 

as myocardial ischemia-reperfusion injury models according to 

the following method: after intraperitoneal injection of 5 mL/kg 

10% chloral hydrate for anesthesia, endotracheal intubation was 

performed and small animal ventilator was connected, then No. 

3-5 left ribs were sheared, the heart was exposed, the left anterior 

descending coronary artery was separated, 6-0 suture was used to 

cross through the blood vessels, the rubber band was padded at the 

bottom, the blood vessel was ligatured for 30 min of myocardial 

ischemia, and then the suture was loosened for 120 min of 

myocardial blood reperfusion. FDP group were given intraperitoneal 

injection of 150 mg/kg FDP before operation; FDP+AG490 group 

were given intraperitoneal injection of 150 mg/kg FDP before 

operation and then intraperitoneal injection of 1.5 mg/kg AG490. 

Sham group were given Sham operation; the left anterior descending 

coronary artery was separated only, but not ligatured.

2.3.2. Serum index detection
  Peripheral blood specimens were collected from the rats after 

decapitation, let stand for coagulation and then centrifuged in the 

centrifuge for 10 min at 3 000 r/min to separate serum specimens, 

and the enzyme-linked immunosorbent assay kit instructions were 

followed to determine CK, CK-MB, cTnI and LDH levels.

2.3.3. Gene expression detection
  Myocardial tissue was collected from the ischemia-reperfusion 

area, cut into pieces, then added in RIPA lysate and fully split. The 

obtained tissue suspension was centrifuged under 4 曟 centrifuge for 

20 min at 12 000 r/min. After that, the upper clear protein suspension 

was separated and mixed with the loading buffer for Western-blot 

electrophoresis and then protein sample was transferred to the NC 

membrane. After the NC membrane was closed in 5% skim milk for 

2 h, the first antibodies of p-JAK2, JAK2, p-STAT3, STAT3, Bcl-2, 

Bax, Caspase-3 and 毬-actin were incubated overnight. The HRP-

labeled second antibodies were incubated the second day; after that, 

development was done to get the protein bands and then scan the 

grey value. JAK2 and STAT3 were used as reference respectively 

to calculate the protein expression of p-JAK2 and p-STAT3, and 毬
-actin was used as reference to calculate the protein expression of 

Bcl-2, Bax and Caspase-3.

2.4. Statistical methods

  SPSS23.0 software was used to process the experimental data. 

Variance analysis was used for the measurement data comparison 

among three groups, while t test was applied for data comparison 

between two groups. P<0.05 indicated statistical significance in the 

differences.

3. Results

3.1. Regulating effect of FDP on serum myocardial injury 
markers in I/R model rats

  Analysis of serum myocardial injury markers CK, CK-MB, cTnI 

and LDH contents among three groups of rats was as follows: 

CK, CK-MB, cTnI and LDH contents in serum of I/R group were 

significantly higher than those of Sham group; CK, CK-MB, cTnI 

and LDH contents in serum of FDP group were significantly lower 

than those of I/R group (Table 1).

Table 1
Effect of FDP on serum myocardial injury markers in I/R model rats (n=8, 

mean±SD). 

Groups CK (U/L) CK-MB (U/L) cTnI (ng/L) LDH (U/L) 
Sham group   46.51±5.23 0.78±0.10    1.13±0.17 131.93±17.95
I/R group 351.59±55.93*  3.96±0.61* 7.64±0.93* 575.95±71.28*

FDP group 113.58±16.48#  1.57±0.24# 2.84±0.52# 242.14±36.95#

*: compared with Sham group, P<0.05; #: compared with I/R group, P<0.05.

3.2. Regulating effect of FDP on apoptosis gene expression in 
myocardial tissue of I/R model rats
  

  Analysis of apoptosis genes Bcl-2, Bax and Caspase-3 expression 

in myocardial tissue among three groups of rats was as follows: 

Bcl-2 protein expression in myocardial tissue of I/R group was 

significantly lower than that of Sham group whereas Bax and 

Caspase-3 protein expression were significantly higher than those of 

Sham group; Bcl-2 protein expression in myocardial tissue of FDP 

group was significantly higher than that of I/R group whereas Bax 

and Caspase-3 protein expression were significantly lower than those 

of I/R group (Table 2).
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Table 2 
Effect of FDP on apoptosis gene expression and JAK2/STAT3 pathway 

molecules in myocardial tissue of I/R model rats (n=8, mean±SD).

Groups
Apoptosis genes Proteins

Bcl-2 Bax Caspase-3 p-JAK2 p-STAT3
Sham group 1.00±0.17 1.00±0.15 1.00±0.13 1.00±0.17 1.00±0.19
I/R group 0.31±0.07* 2.73±0.41* 3.06±0.51* 0.29±0.05* 0.41±0.08*

FDP group 0.64±0.09# 1.62±0.24# 1.83±0.25# 0.65±0.09# 0.76±0.10#

*: compared with Sham group, P<0.05; #: compared with I/R group, P<0.05.

3.3. Regulating effect of FDP on JAK2/STAT3 pathway 
molecules in myocardial tissue of I/R model rats
  
  Analysis of p-JAK2 and p-STAT3 expression in myocardial 
tissue among three groups of rats was as follows: p-JAK2 and 
p-STAT3 protein expression in myocardial tissue of I/R group 
were significantly lower than those of Sham group; p-JAK2 and 
p-STAT3 protein expression in myocardial tissue of FDP group were 
significantly higher than those of I/R group (Table 2).

3.4. Effect of JAK2 inhibitor AG490 on myocardial injury 
markers in serum and apoptosis genes in myocardial tissue of 
rats

  CK, CK-MB, cTnI and LDH contents in serum as well as Bax and 
Caspase-3 protein expression in myocardial tissue of FDP+AG490 
group were significantly higher than those of FDP group whereas 
Bcl-2 protein expression in myocardial tissue was significantly lower 
than that of FDP group (Table 3).

4. Discussion

  Ischemia reperfusion injury is an important pathophysiological 
process that affects the efficacy of reperfusion therapy in patients 
with coronary heart disease, and its occurrence is related to the 
energy metabolism disorder of myocardial cells[5,6]. FDP is widely 
used in clinical treatment of myocardial ischemia;the drug’s active 
ingredients are the intermediate products in the process of glucose 
metabolism, and exogenous FDP can not only directly enter into the 
glycolysis process and provide energy for cellular metabolism[7], but 
also reactively activate the phosphofructokinase and pyruvate kinase, 
enhance glycolysis and increase the generation of ATP[8]. In recent 
years, in vitro study has confirmed that the FDP can alleviate the 
ischemia reperfusion injury of the isolated myocardium[9], but the 
effect of FDP on the myocardial ischemia in vivo reperfusion injury 
remains unclear. In the study, in order to determine whether the 
FDP had protective effect on the myocardial ischemia reperfusion 
injury, the ischemia-reperfusion models were made at first, and the 
analysis of serum myocardial injury marker contents in I/R group 
showed that CK, CK-MB, cTnI and LDH contents in serum of I/

R group were significantly higher than those of Sham group. This 
shows that myocardial injury can occur in the myocardial ischemia 
reperfusion models produced in the study. On this basis, we analyzed 
the effect of FDP on the release of myocardial injury markers during 
myocardial ischemia reperfusion to reflect the cardioprotective 
effects of FDP, and the results showed that CK, CK-MB, cTnI and 
LDH contents in serum of FDP group were significantly lower than 
those of I/R group. This indicates that the FDP can significantly 
reduce the myocardial ischemia-reperfusion injury in rats.
  Mitochondria are the intracellular organelles of myocardial cells, 
and the pathologic conditions of ischemia and ischemia reperfusion 
can cause mitochondrial damage and activate mitochondrial 
pathway apoptosis[10-12]. That the cytochrome C in the mitochondria 
enters into the cytoplasm is the initiation link of mitochondrial 
pathway apoptosis, which is regulated by the mitochondrial 
membrane proteins Bcl-2 and Bax[13,14]. Bax can polymerize into 
homodimer on mitochondrial membrane and become the pore for 
the cytochrome C to enter into the cytoplasm, thus it can promote 
cytochrome C to enter into the cytoplasm and then start the cascade, 
activate Caspase-3 and cause apoptosis[15,16]; Bcl-2 can form 
heterodimer with Bax and block the formation of cytochrome C 
pore to antagonize apoptosis[17-19]. Analysis of the changes in 
above mitochondrial pathway apoptosis molecule expression in 
myocardial tissue of ischemia-reperfusion rats in the study showed 
that Bcl-2 protein expression in myocardial tissue of I/R group 
was significantly lower than that of Sham group whereas Bax and 
Caspase-3 protein expression were significantly higher than those 
of Sham group. This indicates that the ischemia reperfusion injury 
can affect the balance of Bax/Bcl-2 to activate Caspase-3 and lead to 
the apoptosis of myocardial cells. FDP has the effect of regulating 
intracellular energy metabolism. Further analysis of the FDP’s 
effects on mitochondrial pathway apoptosis molecule expression 
in the process of myocardial tissue ischemia-reperfusion showed 
that Bcl-2 protein expression in myocardial tissue of FDP group 
was significantly higher than that of I/R group whereas Bax and 
Caspase-3 protein expression were significantly lower than those of 
I/R group. This indicated that the FDP could regulate the balance of 
Bax/bcl-2 and inhibit the expression of Caspase-3 so as to reduce the 
mitochondrial pathway apoptosis in myocardial ischemia reperfusion 
process.
  JAK2/STAT3 is the signaling pathway in the cells that regulates 
mitochondrial pathway apoptosis, the stimulating signal of upstream 
growth factors can cause the phosphorylated activation of JAK2, 
and the phosphorylated JAK2 can cause STAT3 phosphorylation 
and translocation into the nucleus to activate the Bcl-2 expression 
and promote cell proliferation[20-22]. When the cells are in the 
pathological conditions of ischemia and ischemia reperfusion, 
the activity of the JAK2/STAT3 pathway in the cells is affected 
and it could cause changes in the expression of downstream 
Bcl-2 and Bax[23-25]. Analysis of the changes in above signaling 
pathway molecule expression in myocardial tissue with ischemia 

Table 3
Effect of JAK2 inhibitor AG490 on myocardial injury markers in serum and apoptosis gene expression in myocardial tissue of rats (n=8, mean±SD).

Groups
Myocardial injury markers Apoptosis genes

CK (U/L) CK-MB (U/L) cTnI (ng/L) LDH (U/L) Bcl-2 Bax Caspase-3
FDP group 113.58±16.48 1.57±0.24 2.84±0.52 242.14±36.95  0.64±0.09 1.62±0.24  1.83±0.25
FDP+AG490 group 275.42±39.85 3.06±0.51 5.91±0.78 468.71±66.25 0.41±0.08 2.32±0.52 2.59±0.48
t 13.498 9.091 11.238 8.651 8.198 7.498 7.102
P <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
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reperfusion in the study showed that p-JAK2 and p-STAT3 protein 
expression in myocardial tissue of I/R group were significantly 
lower than those of Sham group; p-JAK2 and p-STAT3 protein 
expression in myocardial tissue of FDP group were significantly 
higher than those of I/R group. This indicates that ischemia-
reperfusion can inhibit the activation of JAK2/STAT3 pathway in 
myocardial tissue, and the FDP intervention can activate the JAK2/
STAT3 pathway in myocardial tissue with ischemia reperfusion. 
In order to further clarify whether the FDP directly alleviated the 
myocardial injury during ischemia reperfusion through the JAK2/
STAT3 pathway, JAK2 inhibitor AG490 combined with FDP was 
used for the intervention on myocardial ischemia reperfusion rats, 
AG490 is the inhibitor of JAK2 phosphorylation activation, which 
can inhibit the phosphorylation process of JAK2 to block the JAK2/
STAT3 signaling pathway activation. After AG490 intervention, and 
comparison with the FDP intervention alone showed that CK, CK-
MB, cTnI and LDH contents in serum as well as Bax and Caspase-3 
protein expression in myocardial tissue of FDP+AG490 group 
were significantly higher than those of FDP group whereas Bcl-2 
protein expression in myocardial tissue was significantly lower than 
that of FDP group. It means that JAK2 inhibitors can weaken the 
effects of FDP on reducing myocardial injury marker release and 
inhibiting mitochondrial apoptosis, which also shows that the FDP 
can alleviate the myocardial ischemia-reperfusion injury through the 
JAK2/STAT3 pathway.
  Based on above experimental studies, it can be concluded that 
JAK2/STAT3 pathway inhibition and mitochondrial apoptosis 
pathway activation are closely related to myocardial ischemia 
reperfusion injury; the FDP can activate the JAK2/STAT3 pathway 
and inhibit the mitochondrial pathway apoptosis to reduce the 
myocardial ischemia reperfusion injury.
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