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Abstract: To elucidate the role of autophagy in ischemia-reperfusion injury (IRl) and determine whether glycogen
synthase kinase-3f3 (GSK-3[3) plays an important role in autophagy, a donors of cardiac death (DCD) liver trans-
plantation model was established to observe the expression of GSK-3p3 and autophagy in hepatocytes during liver
IRI. Immunohistochemical staining and western blotting were used to detect expression of the autophagy markers,
LC3 and p62, as well as study the expression of GSK-33 and AMPK. Serum enzymology changes were analyzed
at different times after liver transplantation. Hypoxia-reoxygenation methods were used to mimic the process of
ischemia-reperfusion injury in cultured hepatocytes. In DCD liver transplantation with a prolonged reperfusion time,
LC3 expression increased, whereas p62 decreased. GSK-33 and AMPK expression in the transplanted liver tissue
were consistent with changes in autophagy, ALT, and AST. In summary, inactive GSK-3[3 reduced liver IRI, promoted
hepatocyte autophagy, and improved hepatocyte activity. Therefore, GSK-33 may regulate autophagy through the

AMPK-mTOR pathway.
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Introduction

Ischemia-reperfusion injury (IRl) is the main
cause of intrahepatic biliary disease and graft
loss following liver transplantation. Some stud-
ies have shown that autophagy is reduced after
cold/warm IRl [1-3], while others indicate in-
creased autophagy in liver cells [4-8]. Glycogen
synthase kinase-3p3 (GSK-3[B) plays an impor-
tant role in a variety of signal transduction
pathways, such as embryo development, cellu-
lar differentiation, apoptosis, tumor formation,
and hepatocyte protection; however, the mech-
anism by which GSK-3( regulates autophagy
remains unclear [9-11]. Moreover, the expres-
sion of autophagy markers in liver transplanta-
tion IRl and whether GSK-3[3 plays an important
role in hepatocyte autophagy remains unknown.
If GSK-3B can regulate autophagy to further
reduce IRI, then GSK-3B may be a novel target
to improve the prognosis of transplant patients.
This study attempted to observe the changes in

GSK-3p expression and hepatocyte autophagy
during IRI following liver transplantation in both
small and large animals.

Materials and methods
Animal and groups

A DCD liver transplantation model was estab-
lished in both small and large animals. A total of
25 pairs of specific pathogen free (SPF) male
Sprague Dawley rats weighing 220 g-310 g
were used as a small animal model. The body
weight of the recipients was slightly heavier
than that of the donors. A total of 25 DCD liver
transplantations were performed [12-17]. The
portal vein blood transfusion time was divided
into O-h, 3-h, 6-h, 12-h, and 24-h groups, with
five pairs in each group. Each group of recipient
rats was sacrificed by anesthesia at the indi-
cated time after surgery, venous blood was col-
lected, and the liver tissue samples were trans-
planted. Five normal control rats were also set


http://www.ijcep.com

GSK-3B mediates IRI via autophagy

up to collect venous blood and liver tissue sam-
ples after anesthesia. The animals were fasted
for 12 h before surgery and deprived of water
for 8 h.

For the large animal model, 10 pairs of male or
female healthy Bama miniature pigs aged 4 to
6 months and weighing 22 kg to 34 kg were
used. The weight of the recipients was slightly
heavier than that of the donors, and a total of
10 DCD liver transplantations were performed
[18, 19]. The portal vein blood transfusion time
was divided into O-h, 3-h, 6-h, 12-h, and 24-h
groups. Transplanted liver tissue and venous
blood samples were collected. Donor liver tis-
sue and recipient venous blood were collected
as the normal control group. The animals were
fasted for 24 h and deprived of water for 8 h
before surgery.

Animal ethics standards

Human normal hepatocytes (LO2 hepatocytes)
were purchased from the cell bank of the
Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences. In accordance
with the experimental conditions, they were
divided into the control, autophagy activator
(positive control group), blank plasmid vector
transfected (Vector), wild-type GSK-3f plasmid
transfected (GSK-3B-Wt), and inactivated GSK-
3B plasmid transfected (GSK-33-K85R), and
transfection-activated GSK-3B plasmid (GSK-
3B-S9A groups).

Establishment of rat DCD liver transplantation
model

The inferior vena cava on the liver was anasto-
mosed using the “magnetic ring method” [20].
The portal vein and inferior vena cava under
the liver were reconstructed using the “double
cuff technique” [17]. The magnetic ring was a
gift from the Tianjin First Central Hospital.

Establishment of DCD liver transplantation
model in bama miniature pigs

The following vascular and biliary tract recon-
struction methods were employed: classic
orthotopic liver transplantation; anastomosis
of the inferior vena cava on the liver; portal
vein; inferior vena cava under the liver; hepatic
artery; and intubation anastomosis of the bile
duct.
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Immunohistochemical staining

Analysis of the immunohistochemical staining
results was performed as follows: five fields
were randomly selected from each slice, and
100 hepatocytes were counted in each field.
Based on the percentage of the counted cell
coloration, the percentage of the expression of
the four proteins was divided into five levels: O
points (no coloring); 1 point (< 25%); 2 points (<
50%); 3 points (< 75%); and 4 points (> 75%).
According to the cell staining intensity the
expression of the four proteins was divided into
three levels: 0 points (no coloring); 1 point (light
yellow particles); and 2 points (dark yellow or
tan particles). Each tissue slice corresponds to
a percentage and a coloring score, and the
result of the multiplication is the final score of
the slice.

Western blot analysis of the expression of LC3,
p62, and AMPK in the liver

Electrophoresis was performed on a spacer gel
at 90 V, when the sample reached the separa-
tion gel, the voltage was adjusted to 100 V. The
time for electrophoresis was approximately 2 h
(the gel was stopped based on the position of
the pre-stained rainbow marker band).

The proteins were transferred to PVDF mem-
branes (LC3: 60V for 30 min; AMPK: 70V for 75
min; p62 70V for 75 min; B-actin: 60V for 60
min).

The secondary antibody was added to the cul-
ture dish (10 mL, 1:1000 diluted with TBST).

Gel image analysis

The optical density values were analyzed with a
gel image processing system, and the gray-
scale values of the bands were measured. The
ratio with actin was used to calculate the rela-
tive expression levels. The experiment was
repeated three times to obtain the mean value.
A ttest was performed on the ratio of the
detected value compared to the control group,
and a threshold of P < 0.05 was considered
significant.

Serum enzymology

The collected venous blood was centrifuged to
obtain a supernatant, and an automatic bio-
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Figure 2. Western blot detection of LC3, p62, and AMPK expression in liver tissue. The expression of LC3, p62, and
AMPK in the 6 h group was significantly different from the other groups. *P < 0.05 indicates statistical significance.

chemical analyzer was used to detect the
serum hepatic functional enzymology. ALT (ala-
nine aminotransferas), AST (aspartate amino-
transferase), ALP (alkaline phosphatase), GGT
(y-glutamyl Transpeptidase), TP (total protein),
ALB (albumin), and TBIL (total bilirubin) were
detected in the rat serum; ALT, AST, ALP, GGT,
and TBIL were detected in the pig serum.

Cell culture

RPMI-1640 medium was used to culture the
LO2 cells at 37°C in a 5% CO, incubator. The
medium was changed every other day. When
the LO2 cells were in the logarithmic growth
phase, they were used for experiments.

Transfection of cells

Plasmid Construction: Plasmid pCDNA3.0 GSK-
3B-V5 was kindly provided by Professor Thilo
Hagen of the University Nottingham, UK. This
plasmid contained the insertion of a GSK-3j3
open reading frame between Xbal and Kpnl in
the pCDNA3.0 vector with a V5 tag gene. The
plasmid was approximately 1300 bp. Three
plasmids were constructed: 1) highly expressed
GSK-3B (GSK-3B-Wt); and 2) structurally acti-
vated GSK-3B (GSK-3B-S9A); and 3) kinase-
inactive GSK-3B (GSK-3B-K85R). The plasmid
sequencing was validated by Dalian Takara
(Bao Biomedical Technology Co., Ltd).

Transfection: The cells were transiently trans-
fected using Lipofectamine 3000 according to
the manufacturer’s instructions. After 48 h, an
anaerobic-reoxygenation culture was perform-
ed to simulate hepatocyte ischemia-reperfu-
sion injury.
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Hepatocyte anaerobic-reoxygenation culture

After the cells were transfected with GSK-3p3-
Wt, GSK-3B-S9A, GSK-33-K85R, or the vector
plasmid for 48 h, the cells were placed in an
anaerobic incubator and an oxygen-free gas
mixture (10% H,, 10% C02, 80% N,) was added.
The cells were cultured anaerobically for 8 h,
then removed and placed in a 37°C cell incuba-
tor at 5% CO, for 4 h for reoxygenation. LO2
liver cells were subjected to anaerobic-reoxy-
genation culture as a blank control according to
the same method described above. For the
autophagy activator (positive control) group, 25
MM rapamycin was added to the LO2 hepato-
cytes, and an anaerobic-reoxygenation culture
was performed after 48 h according to the
method described above.

Cell Immunofluorescence assay

The samples were incubated with the primary
antibody (diluted antibody in PBS, LC3 1:200,
p62:200, AMPK 1:200) at 4°C overnight. The
stained samples were observed and images
were taken using a fluorescence microscope.
The fluorescence intensity and area were ana-
lyzed with Image ProPlus software. There was a
significant difference between P < 0.05.

MTS assay

An MTS assay was used to detect the effects of
GSK-3 on LO2 hepatocyte activity. Autophagy
activators were added, or the cells were trans-
fected with GSK-3pB-Wt, GSK-3B3-K85R, GSK-
3B-S9A, or blank plasmids. The control group
did not receive any treatment. The cells were
incubated in a 5% CO, incubator at 37°C for 48
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h followed by an anaerobic-reoxygenation cul-
ture as described above. After this culture, 10
uL MTS solution per well and then placed in the
incubator for another 3 h. The OD value at the
490 nm wavelength in each well was measured
with a microplate reader; the above experiment
was repeated three times, and the relationship
between the experimental group to the control
group was performed using a t-test. A threshold
value of P < 0.05 was considered significant.
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Figure 3. Histograms of the serum enzymology
data for rat DCD liver transplantation at different
time points.

Results
Rat DCD liver transplantation

Organizational morphology: In the H&E stained
samples, the liver tissue structure and cell mor-
phology of the 0-h, 3-h, 6-h, and 12-h groups
exhibited no obvious abnormal changes com-
pared with the control. Moreover, no sinusoidal
endothelial cell swelling, inflammatory cell infil-
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Figure 4. Overall changes in H&E staining and immunohistochemical staining at different time points after liver transplantation (x200).
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Figure 5. Western Blot detection of LC3, p62, and AMPK expression in the liver. The expression of LC3, p62, and
AMPK in the 12 h group was significantly different from the other groups. *P < 0.05 was statistically significant.

tration, or hepatocyte necrosis were observed.
In the 24-h group, some of the cytoplasm was
stained red and some of the cells had unclear
boundaries. Local sinusoidal swelling was
accompanied by a small amount of lymphocyte
infiltration, but no hepatocyte necrosis was
observed, as shown in Figure 1. Figure 1 dem-
onstrates that with a prolonged reperfusion
time, the expression of LC3 gradually increased
and peaked at 6 h after the operation com-
pared to O h (P < 0.05). The expression of p62
was significantly down-regulated at 6 h postop-
eratively compared to O h (P < 0.05). These
findings indicated that hepatocyte autophagy
was significantly increased at 6 h postopera-
tively. The expression of GSK-33 and AMPK was
gradually increased and reached a peak at 6 h
postoperatively compared to O h (P < 0.05). In-
creased expression of GSK-33 and AMPK was
associated with enhanced hepatocyte auto-

phagy.

HE: Compared with the control group, the liver
tissue structure and cell morphology were not
significantly altered in the O h-12 h groups. The
cytoplasm of the local liver cells was slightly
stained red in the 24 h group, and the sinusoids
were slightly dilated and devoid of significant
cell necrosis. LC3: Compared with the control
group, the O h group was negative, the LC3
expression gradually increased in the 3 h group,
expression peaked in the 6 h group, and expres-
sion decreased in the 12 h and 24 h groups.
p62: The O h group and control group exhibited
a high expression, with no significant difference
between the two groups. The expression in the
3 h group decreased and the expression in the
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6 h group was the lowest. GSK-33: Compared
with the control group, the O h and 3 h groups
exhibited weak levels of expression, and it
peaked in the 6 h group, and decreased in the
12 h and 24 h groups. AMPK: The O h and con-
trol groups were negative, expression was sig-
nificantly increased and peaked at 6 h, expres-
sion decreased slightly in the 12 h group, and
the 24 h group was negative.

Western blot analysis of the expression of LC3,
p62, and AMPK in the liver: The expression of
LC3 gradually increased from O h to 6 h after
the operation, and the 6 h group was signifi-
cantly higher than that of the other groups; the
expression of p62 gradually decreased, and it
was significantly lower in the 6 h group com-
pared to the other groups, indicating that cellu-
lar autophagy increased gradually and there
was autophagy flux.

From O h to 6 h after operation, the expression
of AMPK gradually increased, and peaked at 6
h. AMPK expression increased consistent with
the enhancement of autophagy, as shown in
Figure 2.

Serum enzymology: With the prolongation of
reperfusion time, the values of ALT, AST, ALT,
and TBIL gradually increased, peaked at 6 h,
and subsequently decreased. The changes in
GGT, TP, and ALB in each group were not statis-
tically different, as shown in Figure 3.

With the extension of reperfusion time, the ALT,
AST, ALT and TBIL values gradually increased,
and peaked at 6 h. There was no significant dif-
ference in the changes of GGT, TP, and ALB

Int J Clin Exp Pathol 2019;12(2):640-656
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Pig DCD liver transplantation test indicators

Histomorphology evaluated by H&E and immu-
nochemical staining: In the H&E-stained sam-
ples, compared with the controls, there was no
significant change in the liver tissue in the O h
and 3 h groups. In the liver tissue of the 6 h
group, only a few hepatocytes surrounding the
portal area were moderately stained red, and
most of the liver cells and sinusoidal endothe-
lial cells did not change significantly. In the 12
h group, hepatic sinusoidal dilatation was obvi-
ous. Most of the hepatocytes in the portal area
and central venous area displayed red staining
of the cytoplasm, expansion and congestion of
the sinusoids, slight swelling of the sinus endo-
thelium, and significant changes in the portal
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Figure 6. Histograms of the serum enzymes at
the various stages of pig DCD liver transplanta-
tion.

area. In the 24 h group, hepatocellular necrosis
was heavier and bridging necrosis appeared
from the portal area to the central venous area;
hepatocyte necrosis was observed between
the two portal areas and between the two cen-
tral veins; the cytoplasm was stained red; and
the nuclear condensation was deeply stained;
part of the cell membrane had ruptured, and
the boundaries between the cells were not
clear. The hepatic sinusoids were dilated and
seriously, congested and the sinus endothelium
was significantly swollen with lymphocyte infil-
tration in the liver tissue, as shown in Figure 4.

As shown in Figure 4, in the immunohistochem-
ically stained samples, as the reperfusion time
was prolonged, the expression of LC3 gradually
increased, peaked at 12 h after surgery, and
decreased at 24 h. The expression of p62 was
significantly down-regulated at 12 h postopera-
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Figure 7. Western blot detecting the effect of different functions of GSK-3p on the expression of LC3, p62, and

AMPK in LO2 hepatocytes.

tively, indicating that hepatocyte autophagy
was significantly enhanced at this time point.
The expression of GSK-33 and AMPK increased
gradually and peaked at 12 h after surgery.
Increased GSK-3B3 and AMPK expression were
associated with enhanced hepatocyte autoph-
agy. All of the above findings were statistically
significant (P < 0.05).

H&E staining: compared with the control, the O
h and 3 h groups did not exhibit any significant
changes in the microscope; the 6 h group dis-
played only a small number of hepatocytes
around the portal area, which was slightly red-
stained. Most of the liver cells and sinusoidal
endothelial cells did not change significantly. In
the 12 h group, the hepatic sinusoids were sig-
nificantly dilated, most of the hepatocytes in
the portal, the central venous areas exhibited
red staining of the cytoplasm, expansion and
congestion of the sinuses, and moderate swell-
ing of the sinus endothelium. Changes in the
portal sinus were more pronounced. Inthe 24 h
group, hepatocellular necrosis was severe,
bridging necrosis was noted, the cytoplasm
was stained red, and pyknosis was deeply
stained. Some of the cell membranes were rup-
tured, the boundaries between the cells were
unclear, the hepatic sinusoids were dilated and
congested, and the sinusoidal endothelium
was significantly swollen with lymphocyte infil-
tration in the liver tissue. LC3: Compared with
the control, the O h group was negative, and the
expression of LC3 gradually increased in the 3
h and 6 h groups, peaking at 12 h. Since hepa-
tocyte necrosis was severe in the 24 h group,
LC3 staining was poor and the expression was
decreased. p62: the O h group and control
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exhibited high p62 expression, and there was
no significant difference between the two
groups. P62 expression was decreased in the 3
h group and expression in the 12 h group was
the lowest. p62 staining was poor in the 24 h
group as the hepatocyte necrosis in this group
was severe. GSK-30: The expression of GSK-33
in the O h group was negative compared with
the control, significantly increased in the 3 h
and 6 h groups and peaked in the 12 h group.
Since the degree of hepatocyte necrosis was
heavy in the 24 h group, GSK-3( staining was
poor and the expression decreased. AMPK: The
0 h group and control group were negative for
AMPK, it was increased in the 3 h and 6 h
groups, and peaked in the 12 h group due to
the hepatocellular necrosis observed in the 24
h group, in which AMPK staining was poor.

Western blot analysis of the expression of LC3,
p62, and AMPK in the liver: LC3 expression
gradually increased from O h to 12 h after the
operation, and in the 12 h group was signifi-
cantly higher than the other groups. The expres-
sion of p62 gradually decreased, and the 12 h
group was significantly lower than that of the
other groups, indicating that cellular autophagy
increases gradually and there is autophagy flux.

In addition, the expression of AMPK gradually
increased from O h to 12 h after the operation
and was highest in the 12 h group. The expres-
sion of AMPK increased consistent with the
enhanced degree of autophagy, as shown in
Figure 5.

Serum enzymology: With the extension of the
reperfusion time, the ALT, AST, and GGT values

Int J Clin Exp Pathol 2019;12(2):640-656
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Figure 8. Immunofluorescence was used to test the effect of the autophagy activator, as well as the different functions of GSK-33 on LC3 expression in LO2 hepa-
tocytes. The autophagy activator and transfected GSK-3B-K85R could up-regulate the expression of LC3 in the cytoplasm of LO2 cells. When transfected with GSK-
3B-Wt or GSK-33-S9A, the expression of LC3 decreased in the LO2 cells.
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Figure 9. Immunofluorescence was used to identify the effect of the autophagy activator and different functions of GSK-33 on p62 expression in LO2 liver cells. The
autophagy activator and transfection of GSK-33-K85R significantly reduced the expression of p62 in the cytoplasm of LO2 cells.
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Figure 10. Immunofluorescence revealed the effect of the autophagy activator and different functions of GSK-33 on AMPK expression in LO2 hepatocytes. Autophagy
activator and transfection of GSK-33-K85R significantly increased the expression of AMPK in the cytoplasm of LO2 cells, while transfection with GSK-33-Wt or GSK-
3B-S9A was associated with decreased AMPK expression in LO2 cells.
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Figure 11. The effect of different GSK-3p functions
on the activity of human liver LO2 cells.

gradually increased and peaked at 24 h, as
shown in Figure 6.

Changes in the ALP and TBIL between 3 h, 6 h,
12 h, and 24 h was not statistically different, as
shown in Figure 6. As the reperfusion time was
extended, the ALT, AST, and GGT values gradu-
ally increased and peaked at 24 h. At 3 h, 6 h,
12 h, and 24 h, there was no statistical differ-
ence in the changes for ALP and TBIL. R? is the
degree of fitness; *P < 0.05 was considered
statistically significant.

Different functions of GSK-3f3 affect the ex-
pression of LC3, p62, and AMPK in LO2 hepa-
tocytes: Western blot detection of autophagy-
related protein expression

In the GSK-3B-K85R group, LC3 and AMPK
expression in hepatocytes was up-regulated,
whereas p62 expression was down-regulated.
In addition, autophagy flux appeared, indicating
that GSK-3B-K85R can increase hepatocyte
autophagy. However, the expressions of LC3
and AMPK in the GSK-33-Wt and GSK-33-S9A
groups were down-regulated, while the expres-
sion of p62 did not exhibit any obvious chang-
es. No autophagy flux was present, indicating
that GSK-3B3-Wt and GSK-33-S9A had no signifi-
cant effect on hepatocyte autophagy, as shown
in Figure 7.

The expression of LC3, p62, and AMPK in the
autophagy activator and GSK-33-K85R groups
was significantly different from that in the other
groups. *P < 0.05 is considered significant.

Immunofluorescence detection of protein ex-
pression indicating autophagy: LC3 and AMPK
expression in the hepatocytes of the GSK-3p3-
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K85R group was up-regulated while the expres-
sion of p62 was down-regulated. Autophagy
flux appeared, indicating that GSK-3(3-K85R
can increase hepatocyte autophagy. However,
the expressions of LC3 and AMPK in the GSK-
3B-Wt and GSK-33-S9A groups were down-reg-
ulated whereas the expression of p62 did not
change obviously. There were no signs of
autophagy flux, indicating that GSK-33-Wt and
GSK-3B-S9A had no significant effect on hepa-
tocyte autophagy, as shown in Figures 8-10.

The effect of different functions of GSK-33 on
LO2 hepatocyte activity: Compared with the
blank control and blank plasmid, GSK-33-K85R
could enhance the activity of cells, and its
effect was similar to the autophagy activator
group. In contrast, GSK-3B3-Wt and GSK-33-S9A
inhibited cell activity, as shown in Figure 11.
Autophagy activators and GSK-3B-K85R could
significantly enhance LO2 cell activity. *P <
0.05.

Discussion

Thermal ischemic injury is the primary cause of
organ damage in DCD, and methods used to
evaluate the quality of such organs and in vitro
repair is a trending issue in transplantation
research. To study the pathophysiological pro-
cess of DCD liver transplantation and the func-
tional changes of a transplanted liver, research-
ers have established different models of ani-
mal DCD liver transplantation [6-8, 19].

In this study, we successfully implemented rat
and porcine DCD liver transplantation by com-
bining both the literature and our own innova-
tive practice [12-14, 20]. To better observe the
pathologic morphology and biochemical index-
es changes, study mechanisms, and to guide
clinical practice, we also selected small and
large animals as research objects in liver trans-
plantation studies.

The DCD liver transplantation model in this
study mainly simulates Maastricht type 11l DCD.
According to the 2009 guidelines for the acqui-
sition and transplantation of organ donation for
controlled cardiac death following the recom-
mendations of the American Society of Trans-
plant Surgeons (ASTS) [21], for DCD liver trans-
plantation, when the actual warm ischemia
time exceeds 20-30 min or the total warm isch-
emia time exceeds 30-40 min, the incidence of
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postoperative complications is significantly hi-
gher. Therefore, in this experiment, the warm
ischemia time of the liver transplantation model
was 30 min in order to maximize thermal isch-
emia injury and ensure that the donor liver was
available. The experimental results demon-
strate that the animal DCD liver transplantation
model was successfully established.

At present, there are few reports investigating
the role of cellular autophagy in organ trans-
plantation and the conclusions are inconsistent
[22-25]. Therefore, in liver transplantation, the
role of autophagy in liver IRl and how it changes
during IRl need in-depth study.

GSK-30 is a key kinase that determines cellular
fate and it is widely present in mammalian
eukaryotic cells [9-11]. If GSK-33 can improve
the IRl by regulating hepatocyte autophagy,
then GSK-3p can be used as a target to regu-
late the survival of damaged hepatocytes.

The methods used to identify autophagy pri-
marily include detecting the expression of LC3
and p62 and observing the appearance of the
autophagosome under a microscope. LC3-Il is
a marker of autophagy, for which the expres-
sion is proportional to the number of autopha-
gosomes. Therefore, LC3 is widely used to mon-
itor autophagy [26, 27]. p62 is a ubiquitin-bind-
ing protein involved in the degradation of the
ubiquitin-proteasome system (UPS) and the
autophagy-lysosome system. Moreover, since
p62 aggregates when autophagy is inhibited,
and is reduced when autophagy induced, it is
an accurate reflection of the presence of
autophagy flux [26, 28-30].

In this study, DCD-grafted liver tissues were col-
lected to analyze the expression of the autoph-
agy markers, LC3, p62, GSK-3, and AMPK at
0, 3, 6, 12, and 24 h following portal vein blood
transfusion. Our results showed that hepato-
cyte autophagy was significantly enhanced as
perfusion was prolonged. The peak of LC3 and
MAPK expression in rats was at 6 h post-trans-
plantation. In addition, the expression of LC3
and MAPK peaked at 12 h post-transplantation
in pigs. With the extension of reperfusion time,
the expression of GSK-3 was also up-regulat-
ed and the statistical analysis of the two was
related. We noted GSK-3[ to be a multifunc-
tional serine/threonine protein kinase whose
activity was primarily regulated by specific
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phosphorylation sites. Phosphorylation of the
Try216 site increases kinase activity, whereas
kinase activity is inhibited when there is phos-
phorylation of the Ser9 site, which is more pow-
erful. In this experiment, we found that AMPK
expression gradually increased with the exten-
sion of reperfusion time and was correlated
with the degree of autophagy, suggesting that
AMPK may be involved in the process of auto-
phagy caused by liver transplantation ische-
mia-reperfusion.

In the present study, based on the successful
implementation of rat and pig DCD liver trans-
plantation, changes in serum enzymology were
detected and analyzed. The results showed
that with the extension of the reperfusion time,
the ALT, AST, and GGT values gradually
increased, peaking at 24 h. This increase in
serum ALT and AST coincided with the observed
enhanced autophagy.

We transfected different functional GSK-3p
plasmids with human normal hepatocytes as
experimental subjects, as well as hypoxia-reox-
ygenation cultured hepatocytes to simulate the
IRI process. Our previous results demonstrated
that with the extension of reperfusion time, the
expression of GSK-3B gradually increased in
the transplanted liver tissue, which was consis-
tent with the expression of the autophagy
marker, LC3. Thus, GSK-3[3, AMPK, and autoph-
agy were related. However, the role of GSK-3p3
in IRI during liver transplantation remains un-
clear. Since GSK-3p is a kinase with two func-
tional phases (inactive and activated), immuno-
histochemistry can only reflect the expression
of total GSK-3pB, since it cannot distinguish
between the specific functional phases of
upregulated GSK-3p expression or if both forms
of GSK-3p are upregulated, or the specific role
each of the two GSK-3[s play. For this reason,
we constructed GSK-3[ plasmids with different
functional phases and transfected them into
human liver LO2 cells. Following hypoxia-reoxy-
genation culture, we observed changes in
autophagy and cell viability. The results showed
that transfection with GSK-33-K85R inhibited
the activity of GSK3[, increased the expression
of AMPK and LC3, and promoted autophagy in
LO2 cells. Moreover, transfection with GSK-3[3-
S9A enhanced GSK3p activity, decreased the
expression of AMPK and LC3, and inhibited
autophagy in LO2 cells. Therefore, only inactive
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GSK-3B was able to enhance the activity of
hepatocytes, and neither activated nor wild-
type GSK-3[B could enhance hepatocyte activi-
ty. The autophagy activator, rapamycin, has
been shown to enhance hepatocyte activity
[31-34]. Combining the western blot results
with the prolonged time of ischemia and hypox-
ia, LC3 expression was gradually up-regulated
at the same time that p62 expression was
down-regulated. This indicates that the hepato-
cytes displayed both autophagy and autophagy
flux. Moreover, while autophagy in the rats
peaked at 6 h, autophagy peaked at 12 h in
pigs. Furthermore, the expression of AMPK was
consistent with the expression of LC3 over
time. Therefore, we speculate that GSK-33 may
regulate the level of autophagy and cellular
activity of LO2 hepatocytes through the AMPK-
mTOR pathway.

Rapamycin was used in the present study as an
activator of cell autophagy to stimulate LO2
cells, and cell viability was measured with an
MTS assay. We found that the activation of
autophagy could enhance the activity of LO2
cells, and had a protective effect on LO2 cells.

Studies have shown GSK-3f to inhibit cellular
proliferation, especially in cell development
and tumor formation, as GSK-3 is an impor-
tant regulatory factor of the Wnt signaling path-
way [35]. Combined with the results of this
study, we speculate that the use of different
functional phases of GSK-3f is required. In-
active GSK-3[3 appears to reduce liver IRI, pro-
mote hepatocyte autophagy, and improve
hepatocyte activity; however, in the case of
chronic rejection, activated GSK-33 can be
used to inhibit vascular endothelial growth and
reduce rejection.

Currently, there are an increasing number of
studies performing in-depth research of the
various autophagy regulatory pathways. More-
over, researchers have found that there are
several key proteins associated with autophagy
pathways. It is clear that oxygen free radical
bursts, an overload of intracellular calcium, and
inflammatory reactions are all involved in the
occurrence of IRIl. Thus, autophagy may be only
one mechanism of IRIl, and whether there are
more pathways involved in the regulation of
hepatic DCD autophagy remains to be studied.
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