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Abstract

Objective Our previous studies have demonstrated that

glycogen synthase kinase 3b (GSK3b) activity is increased

in the progression of acute liver failure (ALF), which

aggravates liver injury, while its regulatory mechanism

remains elusive. This study is designated to address whe-

ther oxidative stress activates GSK3b to promote ALF.

Methods In a murine model induced by D-galactosamine

(D-GalN) (700 mg/kg) and LPS (10 lg/kg), N-acetylcys-

teine (300 mg/kg) or SB216763 (25 mg/kg) was used to

inhibit oxidative stress or GSK3b activity, respectively.

Serum alanine aminotransferase and aspartate aminotrans-

ferase levels were assessed. The parameters of oxidative

stress were evaluated in liver tissue. Whether GSK3b
inhibition protects hepatocytes from oxidative stress-

induced cell apoptosis was investigated in vitro. Moreover,

the activity of GSK3b was measured in the liver of chronic

hepatitis B (CHB) patients and ALF patients.

Results In vivo, N-acetylcysteine ameliorated the D-

GalN/LPS-induced hepatotoxicity and reduced GSK3b

activity; GSK3b inhibition increased hepatic superoxide

dismutase activity and the glutathione content, decreased

malondialdehyde production in the liver tissues; while

GSK3b inhibition suppressed the JNK activation in the

liver and decreased cytochrome c release from mitochon-

dria. In vitro, GSK3b inhibition lessened hepatocytes

apoptosis induced by H2O2 or Antimycin A, as demon-

strated by decreased LDH activity, and reduced cleavage of

caspase-3 expression. Furthermore, GSK3b activity in the

CHB patients was increased in the phase of ALF.

Conclusions Results indicate that GSK3b activation

contributes to liver injury by participating in oxidative

stress response in ALF and is, therefore, a potential ther-

apeutic target for ALF.
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Abbreviations

ALF Acute liver failure

HBV Hepatitis B virus

CHB Chronic hepatitis B

GSK3b Glycogen synthase kinase 3b
D-GalN D-galactosamine

LPS Lipopolysaccharide

ROS Reactive oxygen species

DMSO Dimethyl sulfoxide

PBS Phosphate-buffered saline

NAC N-acetylcysteine

ALT Alanine aminotransferase

AST Aspartate aminotransferase

MDA Malondialdehyde

GSH Glutathione

SOD Superoxide dismutase
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H2O2 Hydrogen peroxide

LDH Lactate dehydrogenase

Cyt c Cytochrome c

SDS Sodium dodecyl sulfate

PAGE Polyacrylamide gel electrophoresis;

DAPI 40,6-diamidino-2-phenylindole

Introduction

Acute liver failure (ALF, sometimes referred to as ful-

minant hepatic failure) is a severe liver disease

characterized by encephalopathy and coagulopathy in

patients with previously normal liver function [1–3]. There

is no effective therapy for ALF other than liver trans-

plantation. In China, ALF is a serious consequence of the

acute exacerbation of hepatitis B virus (HBV) infection. To

some extent, the ALF has been created by an animal model

induced by the co-injection of D-galactosamine (D-GalN)

and lipopolysaccharides (LPS), which has been widely

used to examine the mechanisms underlying ALF [4, 5].

GSK3 is a ubiquitously expressed serine/threonine

kinase that is initially found to regulate glycogen synthe-

sisThere are two highly homologous isoforms, GSK3a and

GSK3b. Originally identified in mammals as a cytoplasmic

modulator of glycogen metabolism, GSK3b is now rec-

ognized as a central regulator of cellular events, including

cell fate determination, microtubule function, cell cycle

regulation, apoptosis, and inflammatory responses [6–11].

Our previous study showed that GSK3b is activated in the

progression of ALF induced by D-GalN/LPS, and more-

over, GSK3b inhibition can ameliorate hepatotoxicity in

ALF mice [12], while its regulatory mechanism is very

poorly understood.

Oxidative stress is a condition in which the cellular levels

of reactive oxygen species (ROS) exceed the neutralizing

capacity of antioxidants. Injurious oxidant stress, therefore,

may result from either the excessive production of ROS, or

a diminution in antioxidant levels, and a combination of

these two effects [13, 14]. Oxidative stress is common in

various types of liver injury, and plays a critical role in the

mechanism of ALF [15]. Recent studies have revealed that

oxidative stress may also regulate cell death by altering

GSK3b activity. For instance, a critical role of GSK3b is

found in mediating the oxidative stress-induced neuronal

cell death [16–19]. The stress-induced GSK3b regulates the

redox stress response by phosphorylating glucose-6-phos-

phate dehydrogenase, as demonstrated in arabidopsis [20].

Given the notion that oxidative stress can regulate the

GSK3b pathway to promote the cell apoptosis, we hypoth-

esized that oxidative stress-GSK3b may be play a important

role in the mechanism of D-GalN/LPS-induced ALF. To test

this hypothesis, we performed experiments to evaluate the

oxidative stress during the progression of ALF, to investigate

GSK3b inhibition in regulating oxidative stress through both

the in vivo and in vitro models. Moreover, to confirm their

clinical relevance, we further evaluated the activity of

GSK3b in ALF induced by HBV infection.

Methods

Animals and treatment

Male wild-type (WT, C57BL/6) mice (8–12 weeks of age)

were purchased from Capital Medical University (Beijing,

China) and housed in the Capital Medical University ani-

mal facility under specific pathogen-free conditions, and

received humane care according to Capital Medical Uni-

versity Animal Care Committee guidelines. To induce

ALF, the mice were injected intraperitoneally with D-GalN

(700 mg/kg, Sigma, St Luis, MO) and LPS (10 lg/kg, In-

vivogen, San Diego, CA). Mice were treated with a single

dose of freshly prepared N-acetylcysteine (NAC, at

300 mg/kg, by i.p. injection, Sigma, St Luis, MO), a ROS

scavenger, immediately after D-GalN/LPS treatment. In

some experiments, SB216763 (25 mg/kg, Sigma, St Luis,

MO) dissolved in dimethyl sulfoxide (DMSO), a specific

inhibitor for GSK3b, was suspended in phosphate-buffered

saline (PBS) and administered intraperitoneally 2 h prior to

D-GalN/LPS treatment. Mice were sacrificed at various

time-points after D-GalN/LPS treatment; liver and serum

samples were collected for future analysis.

Serum aminotransferase activities

Serum levels of alanine aminotransferase (ALT) and

aspartate aminotransferase (AST), as markers of hepatic

damage, were measured by using a multiparameteric ana-

lyzer (AU 5400, Olympus, Japan), according to an

automated procedure.

Assay of ROS level in liver

To determine the level of ROS in the liver tissue, liver

homogenates were made in lysis buffer and analyzed using

a chemical fluorescent ROS assay kit (Jiancheng Bio,

Nangjing) according to the manufacturer’s instruction,

which is based on the oxidation of 2070-dichlorodihydro-

fluorescein diacetate to 2070-dichloro-fluorescein.

Assay of MDA,GSH and SOD in liver

A part of liver tissue was prepared for homogenization with

a buffer containing 0.15 M KCl to obtain 1:10 (w/v)
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homogenates. The homogenates were then centrifuged at

12,0009g (4 �C) for 20 min to collect the supernatants.

The concentrations of malondialdehyde (MDA), and glu-

tathione (GSH), as well as superoxide dismutase (SOD)

activities were measured, as described previously [21].

Cell cultures

Human hepatocyte line HL-7702 (Xiangfu Biological

Company, Shanghai) was plated in 48-well or 6-well plates

at an appropriate density. After overnight culturing,

hydrogen peroxide (H2O2, 1 mmol/L, Habo Company,

Shanghai) or antimycin A (2 lg/ml, Sigma, St Luis, MO)

was added into the culture wells. To study the effects of

GSK3b inhibition on hepatocyte apoptosis induced by

oxidative stress, SB216763 (10 mL) was added 2 h prior

to the H2O2 or antimycin A treatment. Cell apoptosis was

evaluated at 12 h by caspase western blots and lactate

dehydrogenase (LDH) assay (Biochain Institute, Hayward,

CA) of culture supernatants, according to the manufac-

turer’s instructions.

Western blot analysis

Protein was extracted from liver tissue with RIPA buffer

with phosphatase inhibitors and protease inhibitors. Pro-

teins in sodium dodecyl sulfate (SDS)-loading buffer were

subjected to SDS-12 % polyacrylamide gel electrophoresis

(PAGE) and transferred to polyvinylidene difluoride

(PVDF) membrane. Monoclonal rabbit antibodies against

p-GSK3b, total GSK3b, p-JNK, total JNK, Cyt c, caspase-

3, cleaved caspase 3 and b-actin (Cell Signaling Technol-

ogy, Santa Cruz, CA) were used at 4 �C overnight. Then

the membrane was treated with horseradish peroxidase-

conjugated goat anti-rabbit secondary antibody. The rela-

tive quantities of proteins were determined by a

densitometer and expressed as absorbance units (AU).

Immunofluorescence staining

Paraffin sections were treated with xylene for three times

with 10 min each time. The sections were hydrated through

a graded alcohol series and then rinsed three times with

distilled water. The slides were incubated for 20 min in

10 % goat serum in PBS and then p-GSK3b rabbit

monoclonal antibody (Cell Signaling Technology, Santa

Cruz, CA) overnight at 4 �C. The slides were incubated

with Alexa Fluor� 568 goat anti-rabbit IgG (1:200, Invit-

rogen, Grand Island, NY) for 45 min. After three washings

with PBS, the nuclei were stained with 40,6-diamidino-2-

phenylindole (DAPI, 1 lg/ml, Shizebio, Shanghai) for

10 min. The images were examined on a Nikon Eclipse

E800 fluorescent microscope.

Determination of hepatic GSK3b activity

To determine the activity of GSK3b in the liver tissue, liver

homogenates were made in lysis buffer and analyzed using

a colorimetric GSK3b assay kit (Jianglaibio Co, Shanghai)

according to the manufacturer’s instructions.

Human liver samples

This study meets the ethical guidelines of the 1975 Decla-

ration of Helsinki and the study protocol was permitted by

the Medical Ethics Committee of Beijing YouAn Hospital.

Informed consent was obtained from all patients. Human

liver tissue was obtained from the normal subjects, chronic

hepatitis B (CHB) patients and HBV-induced ALF patients.

All patients were hospitalized during 2009–2011 at Beijing

YouAn Hospital. Clinical characteristics and details of

clinical data of the patients in analysis are shown in Table 1.

Statistical analysis

Results are shown as mean ± SD. The data were analyzed

with statistics software SPSS 11.5 using a nonparametric

analysis of variance test. Differences were considered

significant if the P value was less than 0.05.

Results

Imbalance of oxidation and antioxidant in the D-GalN/

LPS-induced ALF

To evaluate the role of oxidant stress in the pathogenesis of

ALF, we first determined in vivo whether the parameters of

oxidative stress were triggered in liver. The serum ALT and

AST levels reached 1462.58 ± 587.12 and 1398.65 ±

437.23 IU/L at 6 h after D-GalN/LPS injection, while the

serum ALT and AST levels of control group treated with

PBS at 6 h were 45.5 ± 11.7 and 31.8 ± 9.2 IU/L, respec-

tively (Fig. 1a, b). With the progression of liver injury, D-

GalN/LPS administration increased ROS and MDA con-

centrations but decreased SOD activities and GSH contents

markedly in comparison with the control mice from 4 to 6 h

(Fig. 1c–f). The previous study had shown that the activated

JNK pathway played an important role in oxidative stress of

ALF [12, 22], and leakage of mitochondrial contents, such as

cytochrome c (Cyt c), was considered as a major event in

cellular apoptosis [23], so we next determined whether

leakage of Cyt c from the mitochondria and p-JNK took place

during ALF development. Relative to protein expression of

total JNK and b-actin, the levels of p-JNK and Cyt c (in

cytoplasm) were increased significantly from 4 to 6 h after D-

GalN/LPS administration (Fig. 1g). These results suggested
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that oxidant stress was triggered in D-GalN/LPS-induced

ALF.

NAC, an antioxidant, protects mice from liver injury

and decreases GSK3b activity

N-acetylcysteine (NAC) is a glutathione precursor, which

increases glutathione levels in hepatocytes, and in turn, limit

the production of ROS, which directly cause hepatocellular

injury [24]. We, therefore, wanted to demonstrate whether

antioxidant of NAC can regulate GSK3b activity in D-GalN/

LPS-induced ALF. Compared to control groups, livers in mice

receiving NAC treatment suffered less liver injury, evidenced

by distinct lower sALT and sAST levels (Fig. 2a, b). Mean-

time, the activity of GSK3b was inhibited by NAC in the ALF

model (Fig. 2c); moreover, the phosphorylated (serine 9)

D

A

ALT

B
AST

GSH SOD

C

E
MDA

Control 2h 4h 6h

D-GalN /LPSG

p-JNK

-actin

Cyt c (Cytoplam)

JNK

*

*

*

*
*

*

*

Contro
l 2h 4h 6h

0

500

1000

1500

2000

2500

D-GalN /LPS

S
er

u
m

 A
L

T
 le

ve
ls

(I
U

/L
)

Contro
l 2h 4h 6h

0

500

1000

1500

2000

D-GalN /LPS

S
er

u
m

 A
S

T
 le

ve
ls

(I
U

/L
)

Contro
l

2h 4h 6h

0

20

40

60

80

D-GalN /LPS

L
iv

er
 t

is
su

e 
G

S
H

 le
ve

l
(n

m
o

l/m
g

)

Contro
l

2h 4h 6h

0

20

40

60

80

D-GalN /LPS

L
iv

er
 t

is
su

e 
S

O
D

 le
ve

l
(U

/m
g

)

Contro
l

2h 4h 6h

0

2

4

6

8

10

D-GalN /LPS

L
iv

er
 t

is
su

e 
M

D
A

 le
ve

l
(n

m
o

l/m
g

) **

F

Contro
l 2h 4h 6h

0

5

10

15

D-GalN /LPS

L
iv

er
 t

is
se

 R
O

S
 le

ve
l

(p
m

o
l D

C
F

/m
in

/m
g

)

*
*

ROS

Fig. 1 Imbalance of oxidation and antioxidant in the D-GalN/LPS-

induced ALF. The mice were injected intraperitoneally with D-GalN

(700 mg/kg) and LPS (10 lg/kg) for 2, 4 and 6 h (10 mice/groups),

the mice of control group (n = 8) were injected with only PBS. a,

b The serum ALT and AST levels were analyzed at different time

points after D-GalN/LPS. *p \ 0.05 compared with control. c–f The

parameters of oxidative stress including ROS, GSH, SOD and MDA

were measured at different time points after D-GalN/LPS. *p \ 0.05

compared with control. g The p-JNK, total JNK, b-actin levels and

Cyt c protein levels in cytoplasm released from mitochondria were

measured by western blot at different time points after D-GalN/LPS.

Representatives of two experiments are shown

Table 1 General clinical characteristics of the different study groups

Normal subjects

(n = 8)

Chronic hepatitis B patients

(n = 12)

Acute liver failure patients

(n = 12)

P value

Age (years) 39.4 ± 3.6 32.4 ± 4.1 41.6 ± 5.3 0.11

Gender (male/female) 6/2 7/5 8/4 0.437

Alanine aminotransferase (U/L) 35.1 ± 6.1 93.3 ± 18.3 210.4 ± 76.3 0.026

Aspartate aminotransferase (U/L) 30.6 ± 3.9 62.6 ± 15.4 305.8 ± 44.6 0.038

Serum bilirubin (lmol/l) 8.8 ± 2.9 20.9 ± 6.3 196.1 ± 50.6 0.01

Prothrombin time (s) 9 ± 2.4 15 ± 5.2 34.4 ± 7.2 0.022

Albumin (g/L) 46.2 ± 6.9 32.6 ± 10.8 26.7 ± 5.7 0.039

Creatinin (lmol/L) 73.6 ± 21.5 80.1 ± 29.0 95.4 ± 32.8 0.042

Hepatic encephalopathy score - - 1.7 ± 0.3 -

Child-Pugh score - 6 ± 0.6 13.7 ± 2.4 0.031

Model for end-stage liver disease

score

- - 28.2 ± 4.2 -

HBsAg test - Positive Positive -
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GSK3b level in the liver tissues was promptly increased in

NAC-treated mice which also meant that GSK3b activity was

reduced (Fig. 2d). Thus, the NAC exerted protection of the

mice from liver injury was associated with anti-oxidative

stress, and attenuation of GSK3b activity as well.

GSK3b inhibition blocks D-GalN/LPS-induced

oxidative stress

Our previous study had shown that GSK3b was activated in

the progression of ALF and GSK3b inhibition protected the

liver injury induced by D-GalN/LPS [12]. Next, we wanted

to explore whether the GSK3b inhibition had effects on the

oxidative stress in the ALF model. Indeed, SB216763-

pretreatment for 2 h can partially restore levels of GSH and

SOD, and suppress the level of MDA (Fig. 3a–c). More-

over, western blot results showed that the expression of

p-JNK in liver was decreased by SB216763, while the

expression of total JNK was comparable; the level of Cyt

c protein released from liver mitochondria into cytoplasm

was also decreased by SB216763 (Fig. 3d). Therefore,

these results demonstrated that GSK3b inhibition was

capable of inhibiting oxidative stress in ALF induced by D-

GalN/LPS.

GSK3b activity is triggered by oxidant stress in vitro

Here, we further examined whether the oxidant stress

induced GSK3b activity through an in vitro model. Wes-

tern blot results showed that H2O2-inducing oxidant stress

promoted GSK3b activity as indicated by dephosphoryla-

tion at serine 9, in a time-dependent and dose-dependent

manner (Fig. 4a, b). Previous studies have demonstrated

that Antimycin A, an inhibitor of electron transport in

mitochondria, had been used as a ROS generator in bio-

logical systems [25, 26]. We further examined whether

GSK3b activity is increased in response to oxidant stress.

As shown in Fig. 4c, d, GSK3b activities were clearly also

increased by Antimycin A in a time-dependent and dose-

dependent manner. Therefore, we demonstrated that

GSK3b was explicitly activated by oxidant stress.

GSK3b inhibition attenuated oxidant stress-induced

hepatocyte apoptosis

As shown above, oxidant stress played an important role in

the mechanism of D-GalN/LPS-induced ALF, so we

investigated the role of GSK3b in the intrinsic potential of

hepatocyte apoptosis triggered by oxidant stress in vitro.
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Fig. 2 NAC protects mice from liver injury and decreases GSK3b
activity. The mice of NAC? GalN/LPS groups were injected

intraperitoneally with NAC (300 mg/kg) immediately after D-GalN/

LPS injection (n = 10/group); the mice of GalN/LPS groups were

injected intraperitoneally with D-GalN/LPS (n = 10/group); the mice

of control group (n = 8) were injected with only PBS. The serum and

liver samples were harvested at 6 h after D-GalN/LPS injection. a,

b The serum ALT and AST levels were analyzed at 6 h after D-GalN/

LPS. *p \ 0.05 compared with the D-GalN/LPS injection group.

c The activity of GSK3b in the liver tissue was measured in three

different groups. *p \ 0.05 compared with D-GalN/LPS injection

group. d The expression of p-GSK3b, total GSK3b and b-actin

proteins were measured by western blots. Representative of two

experiments are shown
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As shown, H2O2 or Antimycin A treatment can substan-

tially increase the release of LDH from the human

hepatocyte cells; in contrast, inhibition GSK3b with

SB216763 significantly decreased LDH levels of hepato-

cyte treated by H2O2 or Antimycin A (Fig. 5a). Western

blot analysis also showed that SB216763 inhibited the

expression of cleaved caspase-3, as compared with H2O2 or

Antimycin A-treated cells; furthermore, SB216763 also

decreased p-JNK in liver and the Cyt c protein level in

cytoplasm, but did not influence the expression of total

JNK and b-actin (Fig. 5b). Therefore, GSK3b inhibition

was capable of reducing the hepatocyte apoptosis induced

by oxidant stress.

Increased GSK3b activity in liver of ALF patients

To determine whether GSK3b participates in progression

of ALF patients, we utilized liver tissue to measure the
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Fig. 3 GSK3b inhibition blocks D-GalN/LPS-induced oxidative

stress. The mice of the SB? GalN/LPS groups were injected

intraperitoneally with SB216763 (25 mg/kg) prior to D-GalN/LPS

treatment (n = 10/group); the mice of GalN/LPS groups were

injected intraperitoneally with D-GalN/LPS (n = 10/group); the mice

of control group (n = 8) were injected with only PBS. The serum and

liver samples were harvested at 6 h after D-GalN/LPS injection. a, b,

c The parameters of oxidative stress including GSH, SOD and MDA

were measured in different groups. *p \ 0.05 compared with the D-

GalN/LPS injection group. d The p-JNK, total JNK, b-actin levels

and Cyt c protein levels in cytoplasm released from mitochondria

were measured by western blot at different time points after D-GalN/

LPS. Representatives of two experiments are shown
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were incubated with H2O2 or Antimycin A at different times or

different doses. HL-7,702 cells incubated with only PBS as a control.

a, b The lysates of cells stimulated with H2O2 were analyzed for
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, d The lysates of cells stimulated with Antimycin A were analyzed
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blot
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changes of GSK3b activity among the normal subjects,

CHB patients and ALF patients induced by HBV. Relative

to the normal controls, western blot analysis showed that

the levels of p-GSK3b (at serine 9) were slightly increased

in CHB, but significantly reduced in ALF (Fig. 6a). The

similar results were obtained by immunofluorescence

staining (Fig. 6b), and measurements of GSK3b activities

in liver tissue (Fig. 6c). These results indicated that the

constitutively active GSK3b in the liver was restrained in

CHB patients, while increased in ALF patients.

Discussion

The main findings in this study were that oxidative stress

played a critical role in the mechanism of ALF, and oxi-

dative stress inhibition by NAC ameliorated the toxin

induced liver failure. Importantly, the present study high-

lighted a novel role of GSK3b in response to oxidant stress

in ALF. GSK3b inhibition blocked D-GalN/LPS-induced

oxidative stress and was capable of reducing the hepatocyte

apoptosis induced by oxidant stress. Therefore, our findings

suggest that oxidant stress exacerbates hepatotoxicity in

ALF via increasing GSK3b activity (as shown by Fig. 6d).

Oxidative stress is commonly associated with a number

of liver diseases, and is thought to play a role in the

pathogenesis of ALF [27, 28]. Oxidative stress is a

condition in which the cellular levels of ROS exceed the

neutralizing capacity of antioxidants [15]. The effects of

oxidative stress are balanced by antioxidant activities

involving a variety of enzymatic and non-enzymatic

mechanisms. Active oxygen scavenging systems include

enzymes such as SOD, glutathione peroxidase (GSH-PX)

and catalase, and non-enzymatic antioxidants including

GSH, vitamin C, and vitamin E, etc. [29]. Our results have

shown that the activities of SOD and GSH in ALF are

significantly lower than the normal control, which are

negatively correlated with serum ALT and AST levels.

Furthermore, the concentration of MDA, which is used as

an important indicator of oxidation, was significantly

higher than normal values. With the progression of ALF,

the status of oxidation is increased, and conversely, the

antioxidants gradually reduced, which results in an

imbalance of oxidation over anti-oxidation, and the severe

oxidative stress in the occurrence of ALF and further

progression of liver injury.

Oxidative stress regulates hepatocyte injury and death

by altering signal transduction pathways. Studies have

shown that ROS may also activate cellular signal pathways,

such as mitogen-activated protein kinase (MAPK), nuclear

factor-jB (NF-jB), phosphatidylinositol 3-kinase (PI3K),

p53, and b-catenin/Wnt, etc. [15, 30–33]. Our study found

that GSK3b is a new fulcrum to regulate oxidative stress in

ALF. GSK3b is constitutively active in resting cells to a
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Fig. 5 GSK3b inhibition attenuated oxidant stress-induced hepato-

cyte apoptosis. a LDH activities assay in the HL-7,702 cell culture

supernatant. Positive control group: the maximum LDH release

induced by the addition of 19 lysis solution. Negative control group:

the LDH activity released from the untreated normal cells. SB216763

group: the LDH activity released from the solely SB216763-treated

for 12 h. H2O2 group and SB263763? H2O2 group: cells were pre-

incubated with or without SB216763 (10 mL) for 2 h, then incubated

H2O2 (1 mmol/L) for 12 h. Antimycin A group and SB263763?

Antimycin A group: cells were pre-incubated with or without

SB216763 (10 mL) for 2 h, then incubated with Antimycin A

(2 lg/ml) for 12 h. All cells in the groups are in the 48 wells culture

plates (3 wells/group). *p \ 0.05 compared with H2O2-treated cells;
#p \ 0.05 compared with Antimycin A-treated cells. b The expres-

sion of caspas-3, cleaved caspase-3, p-JNK, total JNK, Cyt c and b-

actin proteins was measured by western blot. Pre-incubated with or

without SB216763 (10 mL) for 2 h, then HL-7,702 cells are

stimulated with H2O2 (1 mmol/L) or Antimycin (2 lg/ml) for 12 h.

The control group is the untreated normal cells. Cell lysates were

subject to western blot with antibodies. Representatives of experi-

ments are shown
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proper extent. GSK3b activity is depressed at an early stage

and subsequently returns to a high level in the ALF, which

suggests the activity of GSK3b is precisely mediated in the

progression of ALF and plays a complicated role in the

pathogenesis of ALF. In vitro, oxidative stress activates

GSK3b, and GSK3b inhibition significantly alleviates the

hepatocyte apoptosis induced by oxidative stress. So, it can

be speculated that GSK3b is one of the regulatory mole-

cules of the oxidative stress signaling pathway. In vivo, our

results show that the NAC inhibits oxidative stress to

protect liver from D-GalN/LPS-induced acute injury in

mice, which is in line with the reduced the activity of

GSK3b. These results further prove that GSK3b is one of

the key regulatory molecules in the balance of oxidation/

antioxidant. In summary, we conclude that the balance of

oxidation/antioxidant is tilted in the progression of ALF;

the oxidation process is in a dominant position because of

changes of GSK3b activity, which result in oxidative stress

promoting liver injury in ALF. Thus, inhibition of GSK3b
activity can reverse the imbalanced oxidation in liver tis-

sue, and GSK 3b is a fulcrum to regulate oxidative stress in

ALF.

Previous study had demonstrated that HBV infection

increased phosphor ser-9-GSK3b and decreased the

GSK3b activity in the Huh7 cell line, which could deliver a

replication competent HBV genome [34]. Our studies fur-

ther explored the issue and showed that GSK3b activity is

slightly suppressed in the CHB patients, while it is up-

regulated in the ALF patients with HBV infection. It can be

speculated that the replication of HBV is in a dominant

position and the balance of oxidation/antioxidant has not

yet been broken in the patients with chronic hepatitis. At

this period, anti-oxidation is in an advantageous position

and the activity of GSK3b is affected by HBV. But for

ALF patients, the oxidation is in an increasingly dominant

position, and oxidative stress may contribute to the
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Fig. 6 GSK3b activation is decreased in CHB patients and increased

in ALF patients. a Hepatic proteins expression of phosphorylated

(serine 9) GSK3b, total GSK3b and b-actin were measured by

western blots in normal, CHB patients and ALF patients. Represen-

tatives of experiments are shown. Densitometry analysis of the

proteins was performed for each sample (mean ± SD). b Immunoflu-

orescence staining for phosphorylated GSK3b (red) in the liver of

patients. Representatives of experiments are shown. Original

magnification 9200. c The activity of GSK3b in the liver tissue

was measured in three different groups. *p \ 0.05 compared with

normal group. d In the D-GalN/LPS-induced ALF mice model,

oxidative stress is triggered which promotes activity of GSK3b and

further breaks the balance of oxidation and antioxidant. These events

ultimately leads to incremental hepatocyte apoptosis, which induces

by oxidative stress in liver and induces the development of ALF

(color figure online)
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increased activity of GSK3b, therefore, either in the D-

GalN/LPS-induced ALF model, or in the HBV-induced

ALF patients, GSK3b activity is elevated in all. Based on

the findings, we speculate that GSK3b activity can be

measured to predict the prognosis of HBV infection for the

breakthrough and persistence. The in-depth research in

these regards is needed as future work.

We need to further clarify that, in hepatitis B virus

(HBV) infection, hepatocyte injury is triggered by immune-

mediated apoptosis and continues as a nonspecific necroin-

flammatory response. Necroinflammation of the liver

produces excessive oxidative stress leading to further

hepatocyte damage. Although oxidative stress plays impor-

tant roles in HBV-related liver injury, clinically it is not the

only factor of hepatotoxicity in CHB. Decrease of GSK3b
activity in the liver tissues of CHB patients may be related to

a protective response against oxidative stress or inflamma-

tory pressure caused by immune cytotoxicity, as well as

HBV itself. Moreover, GSK3b activity may be also regulated

by glucose metabolism including glycogen synthesis or

insulin interaction under liver injury. Thus, oxidative stress

is not the only way to regulate the activity of GSK3b.

In summary, oxidative stress-activated GSK3b may be

one of the mechanisms governing the pathological basis for

ALF, and GSK3b inhibition represents a potent strategy to

suppress oxidative stress, and ameliorate liver pathology.

Further preclinical studies with GSK3b inhibitors are

warranted to pave the way for the development of a clin-

ically applicable therapeutic strategy against ALF.
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