
Received: 2020.01.23
Accepted: 2020.04.20

Available online: 2020.05.23
Published: 2020.07.20

 4223   1   9   57

Protective Effects of Ischemic Postconditioning 
on Livers in Rats with Limb Ischemia-
Reperfusion via Glycogen Synthase Kinase 3 
beta (GSK-3b)/Fyn/Nuclear Receptor-Erythroid-2-
Related Factor (Nrf2) Pathway

 CDEF Qibing Niu*
 BCDEF Wanli Sun*
 AEG Quan Chen
 EF Yang Long
 BC Wanjun Cao
 BC Shiqi Wen
 DE Anqiang Li
 BE Fang Dong
 EF Hao Shi

  * Qibing Niu and Wanli Sun contributed equally to this work
 Corresponding Author: Quan Chen, e-mail: chenquan012@163.com
 Source of support: Departmental sources

 Background: Ischemia/reperfusion (I/R) injury not only exists in ischemic tissues and organs, but also can cause damage to 
distant tissues and organs. As the largest metabolic organ of the human body, the liver is very vulnerable to 
injury after limb I/R. However, the mechanism of liver injury caused by limb I/R injury has not been fully eluci-
dated. This study investigated the effect and mechanism of ischemic postconditioning (IPO) on the liver after 
hindlimb I/R in rats.

 Material/Methods: A rat model of hindlimb I/R was established and treated by IPO. Liver function, changes of oxidative stress in-
dex and inflammation, Bcl-2 and Bax proteins, and apoptosis were assessed. The structural changes were ob-
served by electron microscopy. GSK-3b/Fyn/Nrf2 levels were detected by quantitative PCR and Western blot.

 Results: IPO significantly reduced serum AST, ALP, LDH, and ALT levels induced by I/R. Compared with the I/R group, 
the levels of SOD, GSH-Px, and CAT in the IPO group were significantly increased, while the levels of MDA, MPO, 
and ROS were significantly decreased. The IPO group had significantly higher Bcl-2 level and significantly lower 
Bax level compared to the I/R group. Consistently, IPO decreased the apoptosis rate induced by I/R. Furthermore, 
IPO lowered the levels of TNF-a, IL-1b, IL-10, and INF-g and alleviated the ultrastructural changes of hepato-
cytes. Finally, Nrf2, Fyn, and GSK-3b mRNA and protein levels in the IPO group were significantly higher than 
in the I/R group.

 Conclusions: IPO protects against liver injury caused by I/R injury of the hindlimb, possibly via the GSK-3b/Fyn/Nrf2 pathway.
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Background

Surgery, embolism, trauma, and iatrogenic arterial injury can 
cause severe acute limb ischemia, and can cause injury to dis-
tal organs and tissues such as the heart, lungs, liver, and kid-
neys [1]. Limb ischemia-reperfusion (I/R) can cause liver in-
jury, which is common in liver transplantation, low-volume 
shock, trauma, and burns. Such liver injury can reduce liver 
metabolism and detoxification ability, increase microcircula-
tion resistance, and even lead to liver failure and affect the 
function of distant organs [2]. Thus, it is of great importance 
to study the pathophysiological mechanism of liver injury in-
duced by limb I/R and to develop strategies to prevent liver 
injury caused by limb I/R.

I/R injury of limbs is a complex cascade reaction, which is cur-
rently considered to be related to the production of oxygen 
free radicals [3], calcium overload [4], neutrophils and inflam-
matory factors [5], activation of Kupffer cells [6], microcircu-
lation disorders [7], energy metabolism disorders [8], and cell 
apoptosis [9]. It is confirmed that the mechanism of limb I/R 
injury to distant tissues and organs is closely related to ox-
ygen free radicals and polymorphonuclear neutrophil (PMN). 
During limb I/R injury, a large number of oxygen free radicals 
are produced. These oxygen free radicals can cause lipid per-
oxidation in liver cell membrane, mitochondrial membrane, 
microsomal membrane, and lysosomal membrane. They act 
directly on endothelial cell membranes of hepatic sinusoids 
and increase the attachment and aggregation of neutrophils 
and platelets, leading to microcirculation disturbance [10,11]. 
Additionally, they can oxidize nuclease, break double chains, 
and eventually lead to necrosis of hepatocytes [12]. After the 
activation of Kupffer cells by limb I/R injury, they release a va-
riety of inflammatory cytokines, such as tumor necrosis fac-
tor-a (TNF-a), interleukin (IL), platelet activating factor, and 
leukotriene, which can induce aggregation of neutrophils, pro-
mote the adhesion of leukocytes and platelets to the endo-
thelial cells of hepatic sinusoids, and aggravate the endothe-
lium [13, 14]. Cell damage and disorder of microcirculation in 
the liver can also induce the formation of prostaglandins and 
nitric oxide and ultimately initiate I/R liver injury after warm 
or cold ischemia [15].

Murry et al. [16] put forward the concept of ischemic precon-
ditioning (IPC) in 1986, which suggests that the short-term re-
perfusion of ischemic myocardium can significantly improve 
myocardial I/R injury. Many studies have shown that IPC can 
be used to alleviate I/R injury of various tissues and organs in 
many animals [17–19]. However, the clinical value of IPC is lim-
ited because it is difficult to estimate the time of ischemia of 
tissues and organs in clinical practice. In 2003, Zhao et al. [20] 
first discovered that ischemic postconditioning (IPO) can al-
leviate I/R injury by reducing the aggregation of neutrophils. 

In IPO, several short perfusion-blocking cycles after organ isch-
emia and before reperfusion are implemented to attenuate 
reperfusion-induced injury. Previous studies have confirmed 
that prevention of I/R liver injury can be achieved by inhibit-
ing hepatocyte apoptosis and protecting liver mitochondrial 
function [21,22]. IPO can be implemented after ischemia. Thus, 
its clinical controllability is strong, and it has more important 
clinical value and significance. However, the protective effect 
of IPO on liver injury induced by limb I/R is not well studied, 
and the specific mechanism is not clear.

Nuclear receptor-erythroid-2-related factor (Nrf2) is a basic re-
gion of leucine zipper transcription factor, which has the func-
tion of regulating the expression of a series of oxidation-relat-
ed genes [23,24]. It has been found that GSK-3b is involved in 
the regulation of oxidative stress and is involved in regulation 
of Nrf2 system activity by Fyn [25]. Fyn is a member of the Scr 
tyrosine protein kinase family. After activation, it can enter the 
nucleus and exports out the nucleus Nrf2. After ubiquitination, 
it is degraded by protease [26]. It has been reported that Nrf2, 
GSK-3b, and Fyn signal pathways play an important role after 
I/R injury [27–29], but it is not clear whether they are involved 
in the occurrence and development of liver injury after limb I/R.

The present study investigated the protective effect of IPO on 
livers of rats with limb I/R. The possible role of GSK-3b/Fyn/
Nrf2 pathway was also analyzed and discussed.

Material and Methods

Laboratory animals

Thirty-two healthy male SD rats, weighing 220–250 g, age 6 to 
7 weeks, were purchased from Shanghai Slek Laboratory Animal 
Co. with the certificate number SCXK (Shanghai) 2018-0005. 
They were kept at a constant temperature (24±1°C), with 4 rats 
per cage, dark/light cycle of 12 h, and free access to standard 
rat chow and drinking water. The experiments were conduct-
ed after 1 week of adaptive feeding. All animal studies con-
formed to the National Regulations on the Administration of 
Laboratory Animals. All animal procedures were approved by 
the Ethics Committee of Gansu University of Chinese Medicine.

Reagents

Superoxide dismutase (SOD), malondialdehyde (MDA), myelo-
peroxidase (MPO), glutathione peroxidase (GSH-Px), cata-
lase (CAT), and reactive oxygen species (ROS) kits were pur-
chased from Nanjing Jiancheng Institute of Bioengineering 
(Nanjing, China). Lactate dehydrogenase (LDH) kits were pur-
chased from Shanghai Beyotime Biotechnology Co. (Shanghai, 
China). Tumor necrosis factor-a (TNF-a), Interleukin-1 b (IL-1b), 
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Interleukin-10 (IL-10), and Interferon-g (IFN-g) kits were 
purchased from Changzhou Dimenuo Biotechnology Co., 
(Changzhou, China). TUNEL cell apoptosis detection kits 
were purchased from Shanghai Beyotime Biotechnology Co. 
(Shanghai, China). In situ cell apoptosis detection kits were 
purchased from ROCHE (Switzerland). DAB Detection kits 
were purchased from Bohai Bioengineering Co. (Hebei, China). 
Antibodies against Bcl-2 (cat# 60178-1-Ig), Bax (cat# 60267-1-
Ig), GSK-3b (cat# 67329-1-Ig), Fyn (cat# 66606-1-Ig), Nrf2 (cat# 
66504-1-Ig), and b-actin (cat# 60008-1-Ig) were all purchased 
from Proteintech Co. (Chicago, USA). HRP-labeled goat anti-
mouse IgG antibody was purchased from Santa Cruz Co. (cat# 
sc-2005; Santa Cruz, California, USA). The reverse transcrip-
tion kits were purchased from TransGen Biotech Co., (Beijing, 
China). RT-PCR kits and Western blot kits were purchased from 
Semerfly Technology Co. (Shanghai, China).

Establishment of model and animal grouping [30] 

The I/R injury model was established in hindlimbs of rats. 
Briefly, rats were fasted for 12 h before the operation. Under 
shallow anesthesia with ether, rats were ligated around the 
root of their hind limbs with rubber bands. After ligation, pale 
and cool toes were observed. No arterial pulsation was ob-
served at the distal end. No blood flow signals were detected 
by laser Doppler flow imaging. After ligation for 4 h, the blood 
flow was released and blood perfusion was performed for 6 h. 
Before release and ligation, 10% chloral hydrate (3 mL/kg) was 
injected into the abdominal cavity, and 1000 U/kg heparin 
was injected into the penile vein for anticoagulation. The ani-
mals were randomly divided into 4 groups, with 8 rats in each 
group. The Sham operated (SO) group received only anesthe-
sia, with the hind limb relaxed around the rubber band, and 
without blocking blood flow. The I/R group received ischemia 
for 4 h and reperfusion for 6 h. In the IPC group, the blood flow 
of both hind limbs was pre-blocked for 5 min and then re-per-
fused for 5 min, the procedure was repeated for 3 times, and 
the other procedures were the same as in the I/R group. In the 
IPO group, after blocking the blood flow for 4 h, the femoral ar-
tery of both hind limbs was ligated for 1 min and then re-per-
fused for 1 min, the procedure was repeated for 3 times, and 
the other procedures were the same as in the I/R group. After 
6 h of reperfusion, rats in each group were anesthetized by 
intraperitoneal injection of 10% chloral hydrate (0.3 mL/100 g 
body weight). We collected 2 mL of blood through the abdom-
inal aorta. The liver was quickly removed for further analysis. 
The modeling process was carried out at room temperature.

Determination of plasma biochemical parameters

Serum was collected from blood by centrifugation at 3000 r/min 
for 15 min. The levels of aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), and alkaline phosphatase (ALP) 

in serum were measured by automatic biochemical analyzer, 
and the level of LDH was assessed using an LDH kit.

ELISA

ELISA was used to detect changes in oxidative stress parame-
ters in rat livers, including SOD, MDA, MPO, GSH-Px, CAT, and 
ROS, and to measure the expression levels of TNF-a, IL-1b, 
IL-10, and interferon gamma (INF-g) in liver tissues. The pro-
cedure was performed with corresponding kits according to 
the kit instructions.

Immunohistochemistry

Expression of Bcl-2 and Bax in liver tissue was detected with 
immunohistochemical method. Briefly, the rat liver was fixed 
with 4% paraformaldehyde. Paraffin-embedded tissues were 
cut into 5-μm-thick sections. Routine immunohistochemis-
try assessment was performed. Color development was per-
formed with DAB staining. Bcl-2- and Bax-positive staining 
was shown as brown granules in the nuclear membrane and 
cytoplasm of hepatocytes. The number of cells with positive 
staining was counted under 5 randomly selected high-power 
visual fields. The percentage of positive cells out of the total 
number of cells was calculated.

Cell apoptosis assay

TUNEL method was used to detect hepatocyte apoptosis by 
TRITC staining according to the instructions of the kit. Eight 
sections were randomly selected from each group. The num-
ber of apoptotic cells and the total number of cells were count-
ed under 5 high-power fields (×400). The apoptosis index was 
calculated as (apoptotic cell number/total cell number)×100%.

Electron microscope observation

The rat liver was fixed by 4% polyformaldehyde, cut into 1-mm3 
pieces, fixed, dehydrated, and embedded using the conven-
tional osmium acid method, and ultrathin sections were pre-
pared by positioning the thick slices, and the ultrastructural 
changes of hepatocytes in each group were observed under 
an electron microscope.

Reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA was extracted from liver tissues by Trizol reagent. 
The purity of RNA was detected by ultraviolet spectrophotom-
eter at 260 nm. Reverse transcription and RT-qPCR were per-
formed according to the directions of the reverse transcription 
and PCR kits (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The conditions of RT-qPCR reaction were as follows: 94°C 
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pre-denaturation for 5 min, 40 cycles of denaturation at 96°C 
for 30 s, annealing at 60°C for 40 s, and elongation at 72°C 
for 1 min, and final elongation at 72°C for 10 min. The prim-
er sequences of RT-qPCR reaction are shown in Table 1. U6 
was used as the internal reference. The PCR products were 
analyzed by electrophoresis and the results were analyzed by 
Opticon Monitor 3 software. The experiment was repeated 3 
times and the average value was calculated.

Western blot analysis

Total proteins were extracted from liver tissues. The BCA pro-
tein detection kit was used to determine the protein concen-
tration. We separated 100 mg of protein by 10% SDS-PAGE 
electrophoresis and transferred it to PVDF membranes. At 
room temperature, the membrane was blocked with 5% 
non-fat milk for 1 h. Then, primary antibodies anti-GSK-3b 
(1: 1000), anti-Fyn (1: 1000), anti-Nrf2 (1: 500), and anti-b-ac-
tin (1: 500) were added and incubated overnight at 4°C. After 
washing with PBST 3 times, the secondary antibody (1: 200) 
was added for incubation. Color development was performed 
with chemiluminescence. The optical densities of bands were 
quantified using Gel-Pro Analyzer software version 4.0 (Media 
Cybernetics, Inc., Rockville, MD, USA). b-actin was used as the 
endogenous control.

Statistical analysis

All the data were analyzed by SPSS 13.0 medical statistical soft-
ware (SPSS Inc., Chicago, IL, USA). The experimental data were 
expressed by mean±standard deviation. One-way ANOVA with 
complete random design was used. The Student-Newman-Keuls 

Primer sequence

GSK-3b
Forward 5’-GGT GAC TTT GAC CGG AAC GTG-3’

Reserve 5’-ATT GAA GGG ACA GGT GAA CAG G-3’

Fyn
Forward 5’-CAC AGG GTG ACA GAA GAG GCT AA-3’

Reserve 5’-ACA CTC CCT GAG ACC AGA AAC AC-3’

Nrf2
Forward 5’-GCG GTG AGA AGA GCC CTG AT-3’

Reserve 5’-GCT CCC CTG TGA TGT CGT TTC-3’

U6
Forward 5’-CGC CAG TAG ACT CCA CGA CAT A-3’

Reserve 5’-AAG TTC AAC GGC ACA GTC AAG G -3’

Table 1. Primer sequences.
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Figure 1.  Changes in ALT, AST, ALP, and LDH levels in serum. Rats were divided into the SO group, I/R group, IPC group, and IPO group. 
The levels of (A) AST, (B) ALP, (C) LDH, and (D) ALT in serum were detected. Compared with SO, * P<0.05; compared with I/R, 
# P<0.05.
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Q test was used to compare the 2 mean values of multiple 
samples. The difference was statistically significant at P<0.05.

Results

Changes in ALT, AST, ALP, and LDH levels in serum

The serum levels of liver function indicators were analyzed. 
Compared with the SO group, the contents of serum AST 
(Figure 1A), ALP (Figure 1B) LDH (Figure 1C), and ALT (Figure 1D) 
in the I/R, IPC, and IPO groups increased significantly (P<0.05). 

Compared with group I/R, the levels of serum AST (Figure 1A), 
ALP (Figure 1B), LDH (Figure 1C), and ALT (Figure 1D) in the 
IPC and IPO groups were significantly decreased (P<0.05), but 
there was no significant difference between the IPO and IPC 
groups (P>0.05).

Changes in oxidative stress index in liver tissue

To determine the changes in oxidative stress index, ELISA was 
performed. Compared with the SO group, the levels of SOD 
(Figure 2A), GSH-Px (Figure 2D), and CAT (Figure 2E) in liver tissue 
of the I/R, IPC and IPO groups decreased significantly, while the 
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Figure 2.  Changes in oxidative stress index in liver tissue. Rats were divided into the SO group, I/R group, IPC group, and IPO group. 
The levels of (A) SOD, (B) MDA, (C) MPO, (D) GSH-Px, (E) CAT, and (F) ROS in liver tissue were detected with ELISA. Compared 
with SO, * P<0.05; compared with I/R, # P<0.05.
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levels of MDA (Figure 2B), MPO (Figure 2C), and ROS (Figure 2F) 
increased significantly (P<0.05). Compared with the I/R group, the 
levels of SOD (Figure 2A), GSH-Px (Figure 2D), and CAT (Figure 2E) 
in the IPO and IPC groups significantly increased, while the lev-
els of MDA (Figure 2B), MPO (Figure 2C), and ROS (Figure 2F) sig-
nificantly decreased (P<0.05). However, no significant difference 
was found between the IPO and IPC groups (P>0.05).

Level of Bcl-2 protein in liver tissue

To determine the Bcl-2 level in liver tissue, immunohistochem-
istry was conducted. Representative immunohistochemical 
staining results are shown in Figure 3A. The results showed 
that the positive rate of Bcl-2 in the IPC group and IPO group 
was obviously higher than that in the I/R group. Statistically, 
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Figure 3.  Level of Bcl-2 protein in liver tissue. Rats were divided into the SO group, I/R group, IPC group, and IPO group. Bcl-2 level 
was detected with immunohistochemistry. (A) Representative immunohistochemical staining results of Bcl-2 in SO group, 
I/R group, IPC group, and IPO group are shown. (B) Positive rate of Bcl-2. Compared with SO, * P<0.05; compared with I/R, 
# P<0.05.
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compared with the SO group, the level of Bcl-2 protein in liv-
er tissue of the I/R, IPC, and IPO groups was significantly in-
creased (P<0.05) (Figure 3B). The level of Bcl-2 protein in IPO 
and IPC group was significantly higher than that in the I/R 
group (P<0.05), but there was no significant difference be-
tween the IPO group and IPC group (P>0.05).

Level of Bax protein in liver tissue

Immunohistochemistry was also used to detect Bax protein level 
in liver tissue. As shown in Figure 4A, the positive rate of Bax 
in the IPC group and IPO group was lower than that in the I/R 
group. Compared with the SO group, the level of Bax protein 
in liver tissue of the I/R, IPC, and IPO groups was significantly 
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Figure 4.  Level of Bax protein in liver tissue. Rats were divided into the SO group, I/R group, IPC group, and IPO group. Bax level 
was detected with immunohistochemistry. (A) Representative immunohistochemical staining results of Bax in SO group, 
I/R group, IPC group, and IPO group are shown. (B) Positive rate of Bax. Compared with SO, * P<0.05; compared with I/R, 
# P<0.05.
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increased (P<0.05). The level of Bax protein in the IPO and 
IPC group was significantly lower than that in the I/R group 
(P<0.05), but there was no significant difference between the 
IPO group and IPC group (P>0.05) (Figure 4B).

Apoptotic rate of hepatocytes in each group

To analyze cell apoptosis, TUNEL assay was performed. As 
shown in Figure 5A, the positive rate of apoptotic cells in the 
IPC group and IPO group was lower than that in the I/R group. 
As shown in Figure 5B, apoptosis index in the I/R, IPC, and IPO 
groups was significantly higher than in the SO group (P<0.05). 
Compared with the I/R group, the apoptosis index decreased 
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Figure 5.  Apoptotic rate of hepatocytes in each group. Rats were divided into the SO group, I/R group, IPC group, and IPO group. 
Apoptosis was analyzed with TUNEL assay. (A) Representative TUNEL results of SO group, I/R group, IPC group, and IPO 
group are shown. (B) Analysis of apoptosis index. Compared with SO, * P<0.05; compared with I/R, # P<0.05.
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significantly in the IPO and IPC groups (P<0.05). However, no 
significant difference was observed between the IPO and IPC 
groups (P>0.05).

Changes of expression level of inflammatory factors in 
liver tissue

ELISA was used to detect cytokine levels in liver tissues. The ex-
pression levels of TNF-a (Figure 6A), IL-1b (Figure 6B), IL-10 
(Figure 6C), and INF-g (Figure 6D) in liver tissues of the I/R, IPC, 
and IPO groups were significantly higher than those in the SO 
group (P<0.05). Compared with the I/R group, the expression 
levels of TNF-a, IL-1b, IL-10, and INF-g in liver tissue of the IPO 
and IPC groups were significantly lower (P<0.05). However, no 
significant difference was found between the IPO group and 
IPC group (P>0.05).

Ultrastructural changes of hepatocytes in each group were 
observed under electron microscopy

Ultrastructural changes of hepatocytes were observed under 
an electron microscope. In the SO group, the nuclear mem-
brane of hepatocytes was normal. The distribution of mitochon-
dria was uniform and the size was normal (Figure 7A1, 7A2). 

In the I/R group, infiltration of neutrophils and exudation of 
red blood cells were observed in liver tissue, and the defor-
mation of hepatocyte membrane and nuclear membrane was 
severe. The nuclear heterochromatin was obviously concen-
trated, the nuclear membrane was thickened, the nucleolus 
was concentrated, and the euchromatin area was rough and 
flocculent. The mitochondria were obviously swollen, the num-
ber increased, the crest was broken, and the crest was obvi-
ously loose and dissolved, with a large number of vacuoles. 
The endoplasmic reticulum was dense, with irregular clusters. 
The Golgi apparatus and vesicles disappeared, and the ribo-
somes could not be distinguished (Figure 7B1, 7B2). The chang-
es in the IPC group (Figure 7C1, 7C2) were similar to those in 
the IPO group (Figure 7D1, 7D2) – the ultrastructural damage 
of cells was significantly reduced, the morphology of hepato-
cytes was good, the membrane structure was basically intact, 
and there was less exudation of blood cells. There was no ob-
vious neutrophil infiltration, the structure of mitochondria was 
basically normal, the matrix granules disappeared; and there 
was mild edema, dense ridges, and no vacuole formation.
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Figure 6.  Changes in expression level of inflammatory factors in liver tissue. Rats were divided into the SO group, I/R group, IPC group, 
and IPO group. The levels of (A) TNF-a, (B) IL-1b, (C) IL-10, and (D) INF-g in liver tissue were detected with ELISA. Compared 
with SO, * P<0.05; compared with I/R, # P<0.05.
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Figure 7.  Ultrastructural changes of hepatocytes. Rats were divided into the SO group, I/R group, IPC group, and IPO group. Electron 
microscopy was used to observe the ultrastructural changes of hepatocytes in each group. SO group: A1×5.0k, A2×5.0k 
(arrows indicate the nuclei); I/R group: B1×8.0k, B2×5.0k (arrows indicate endoplasmic reticulum); IPC group: C1×3.15k, 
C2×8.0k (arrows indicate nuclei); IPO group: D1×3.15k, D2×3.15k (arrows indicate endoplasmic reticulum).
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Figure 8.  Analysis of GSK-3b/Fyn/Nrf2 mRNA expression in liver tissue. Rats were divided into the SO group, I/R group, IPC group, and 
IPO group. RT-qPCR was used to detect the mRNA levels of (A) Nrf2, (B) Fyn, and (C) GSK-3b in liver tissues. Compared with 
SO, * P<0.05; compared with I/R, # P<0.05.

Changes of GSK-3b/Fyn/Nrf2 mRNA expression in liver 
tissue

RT-qPCR was used to analyze mRNA expression. Compared 
with the SO group, the expression of Nrf2 (Figure 8A), Fyn 
(Figure 8B), and GSK-3b (Figure 8C) mRNA in liver tissue of the 
I/R, IPC, and IPO groups decreased significantly (P<0.05). Their 
expression levels in liver tissue of the IPO group and IPC group 
were significantly higher than those in the I/R group (P<0.05). 
However, there was no significant difference between the IPO 
group and IPC group (P>0.05).

Changes of GSK-3b/Fyn/Nrf2 protein level in liver tissue

To determine the protein changes, Western blot analysis was 
performed. The levels of Nrf2 (Figure 9A), Fyn (Figure 9B), 
and GSK-3b (Figure 9C) in liver tissues of the I/R, IPC, and IPO 
groups were significantly lower than in the SO group (P<0.05). 
Representative Western blot images are shown in Figure 9D. 
Compared with the I/R group, the levels of Nrf2, Fyn, and 
GSK-3b in liver tissue of the IPO group and IPC group were sig-
nificantly higher (P<0.05). However, no significant difference 
was found between the IPO group and IPC group (P>0.05).

Discussion

ALT and AST are mainly distributed in liver and plasma. When 
hepatocytes are injured, ALT and AST increase, which are the 
main indicators of liver function [31]. SOD is an important anti-
oxidant enzyme in vivo and can scavenge superoxide anion free 
radicals and prevent cell damage caused by membrane lipid 
peroxidation. MPO is a marker enzyme of PMN, and its activi-
ty can reflect the degree of PMN infiltration and the release of 
inflammatory mediators in liver tissue [32,33]. MDA is a prod-
uct of lipid peroxidation and an index used to measure the de-
gree of tissue peroxidation damage. LDH is a cytoplasmic en-
zyme, and its level in plasma can reflect the severity of tissue 
damage [34,35]. GSH-Px can catalyze the decomposition of hy-
drogen peroxide and protect cell membranes from cell dam-
age [36,37]. CAT is an enzyme scavenger that can scavenge 
oxygen free radicals, strengthen the ability of antioxidation, 
and protect cells and the body [38]. The results in the pres-
ent study showed that, compared with the SO group, the lev-
els of SOD, GSH-Px, and CAT in liver tissue of the I/R, IPC, and 
IPO groups were significantly lower, while the levels of MDA, 
MPO, ROS, ALT, AST, ALP, and LDH were significantly higher in 
the I/R, IPC, and IPO groups (P<0.05). The levels of SOD, GSH-
Px, and CAT in the IPO and IPC groups increased, while the 
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levels of MDA, MPO, ROS, ALT, AST, ALP, and LDH decreased 
significantly compared with those in the I/R group, but there 
was no significant difference between the IPO group and IPC 
group. In addition, compared with the SO group, the expres-
sion levels of TNF- a, IL-1 b, IL-10, and INF- g were significant-
ly increased in the I/R, IPC and IPO groups. The expression of 
TNF-a, IL-1 b, IL-10, and INF-g in liver tissue of the IPO and 
IPC groups was significantly lower than that of the I/R group. 
There was no significant difference between the IPO group and 
IPC group. These results suggest that limb I/R can cause liver 
edema, increase production of free radicals, and cause neu-
trophil infiltration and severe liver function damage; however, 
IPO and IPC can regulate intracellular calcium stability, anti-
lipid peroxidation and inflammation, and improve liver injury.

Cell apoptosis plays a very important role in limb I/R injury. 
The increase of oxygen free radicals, the enhancement of ox-
idative stress, the disturbance of energy metabolism, and the 
influx of Ca2+ into cells after limb I/R injury can increase the 
permeability of mitochondria. However, damage to the struc-
ture and function of mitochondria lead to ion homeosta-
sis imbalance and mitochondrial uncoupling, which eventu-
ally leads to cell apoptosis [39–41]. The results of this study 

showed that the mitochondria of hepatocytes were evenly dis-
tributed and normal in th SO group, while neutrophils were 
infiltrated, red blood cells were exudative, mitochondria were 
obviously swollen, the number of mitochondria increased, cris-
tae ruptured, crests were loosened and dissolved, and there 
were many vacuoles in the I/R group. In the IPC group and 
IPO group, the infiltration of neutrophils in hepatocytes was 
not obvious, the structure of mitochondria was basically nor-
mal, matrix granules disappeared, and there was mild edema, 
dense crests, and no vacuole formation. The Bc1-2 gene family 
is closely involved in apoptosis. The Bc1-2 gene, as a member 
of the Bc1-2 gene family, can promote cell survival and pro-
long cell life, and is thus called an “anti-apoptotic gene” [42]. 
The Bax gene is a member of the Bc1-2 gene family, and like 
the Bc1-2 gene it contains 3 homologous regions of BH1, BH2, 
and BH3. In contrast to Bcl-2, Bax is a pro-apoptotic gene and 
can promote the release of cytochrome C from mitochondria, 
thus promoting apoptosis. Bax can antagonize the inhibition 
of apoptosis mediated by Bc1-2 and accelerate the occurrence 
of apoptosis [43,44]. In this study, we found that, compared 
with the SO group, the levels of Bcl-2 and Bax proteins, hepa-
tocyte apoptosis, and apoptosis index in the I/R, IPC, and IPO 
groups increased significantly. Compared with the I/R group, 
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Figure 9.  Analysis of GSK-3b/Fyn/Nrf2 protein levels in liver tissue. Rats were divided into the SO group, I/R group, IPC group, and 
IPO group. Western blot analysis was used to detect the protein levels. (A–C) Quantitative Western blot results of (A) Nrf2, 
(B) Fyn, and (C) GSK-3b in liver tissues are shown. (D) Representative Western blot results. Compared with SO, * P<0.05; 
compared with I/R, # P<0.05.
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their levels decreased in the IPO and IPC groups. These results 
suggest that the protective effect of IPO on hepatic IR may 
occur through upregulating the level of Bcl-2 and downregu-
lating the level of Bax, so as to reduce hepatocyte apoptosis.

Nrf2 is a leucine zipper transcription factor in the basic re-
gion, which regulates the expression of a series of oxidation-
related genes. Nrf2 activation can induce the transcription of 
many protective genes such as NAD(P) Hquinone oxidoreduc-
tase 1, heme oxygenase 1, and glutamate cysteine ligase [45]. 
It can thus protect the body from harmful substances such as 
ROS, SOD, CAT, GSH-Px, carcinogens, and drug-active metab-
olites [46], thereby inhibiting the damage caused by various 
oxidative stimuli to the body [47,48]. Glycogen synthase ki-
nase (GSK-3b) is a serine/tryptophan kinase involved in glyco-
gen synthesis [49]. GSK-3b is involved in the occurrence and 
development of a variety of diseases [50]. GSK-3b has multi-
ple active sites. When the complex amino acid site (Tyr216) is 
phosphorylated, its activity is increased, and when the amino 
terminal serine site (Ser9) site is phosphorylated, its activity is 
decreased. GSK-3b can regulate Nrf2 activity by Fyn and par-
ticipate in the regulation of cellular oxidative stress [25,51,52]. 
Fyn is a member of the Scr tyrosine protein kinase family; after 
activation, it can enter the nucleus and exports out the nucle-
us Nrf2, which can be degraded by protease after ubiquitina-
tion [26]. Studies have shown that the Fyn signaling pathway 
plays an indispensable role in myelin formation by activating 
myelin basic protein [53,54]. Fyn is expressed in the nucleus, 
and its expression level is significantly decreased after hy-
poxia-ischemia [55]. Here, our results showed that, compared 
with the SO group, the expression of Nrf2, Fyn, and GSK-3b 
mRNA and their protein levels decreased significantly in liver 
tissue of the I/R group. Their levels in liver tissue of the IPO 
and IPC group were significantly higher than those in the I/R 
group. This suggests that IPO can alleviate the secondary liv-
er injury and protect liver function after limb I/R, which may 
be achieved by regulating the GSK-3 b/Fyn/Nrf2 pathway. 
However, unlike previous studies [26,51,52,56], which suggest-
ed that GSK-3b is upstream of Fyn in regulating Nrf2 nuclear 

export and degradation, our study only preliminarily exam-
ined the changes of Nrf2, GSK-3b, and Fyn at mRNA and pro-
tein levels and did not reveal any specific relationship among 
GSK-3b, Fyn, and Nrf2. This is because we only detected the 
total level of Nrf2, but not the nuclear Nrf2, and we did not 
investigate the down-stream gene of Nrf2. This is a limita-
tion of our study. In the future, we will carry out further stud-
ies with inhibitors or knockdown/knockout methods to re-
veal the details of the role of GSK-3beta/Fyn/Nrf2 pathway in 
I/R-induced liver injury and to demonstrate the relationships 
among GSK-3b, Fyn, and Nrf2.

Both IPC and IPO can exert protective effects against I/R-
induced injury, but they may act through different mechanisms. 
For example, it is reported that in I/R, IPO has antiarrhythmic 
effects after reperfusion, while IPC has antiarrhythmic effects 
during ischemia [57]. In the present study, IPC was used as 
a positive control. Our results showed that both IPO and IPC 
had protective effects on the liver after hindlimb I/R. However, 
there was no significant difference between IPO and IPC. Further 
studies are needed to compare the effects and mechanisms 
of IPO and IPC on I/R-induced liver injury.

Conclusions

IPO can alleviate the liver injury and protect liver function fol-
lowing limb I/R. The possible mechanism is by reducing lipid 
peroxide reaction in lower-limb I/R, inhibit PMN infiltration, 
enhance the scavenging of oxygen free radicals, increase the 
level of Bcl-2 protein, and decrease the activity of Bax protein. 
These effects may be achieved by regulating the GSK-3b/Fyn/
Nrf2 pathway. This study provides a theoretical basis for clin-
ical mitigation of limb I/R injury and prevention of liver dam-
age to protect liver function.
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