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Abstract
AIM
To evaluate the effect of oxymatrine (OMT) on 
hepatocyte apoptosis in rats with lipopolysaccharide 
(LPS)/D-galactosamine (D-GalN)-induced acute liver 
failure (ALF). 

METHODS
LPS/D-GalN was used to establish a model of ALF 
in rats. To evaluate the effect of OMT, we assessed 
apoptosis by transmission electron microscopy, 
and the pathological changes in the liver by light 
microscopy with hematoxylin and eosin staining. An 
automated biochemical analyzer was used to measure 
serum alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST). Enzyme-linked immunosorbent 
assay was used to determine the levels of tumor 
necrosis factor (TNF)-α and interleukin (IL)-1β. Western 
blotting was used to detect protein levels in liver 
tissues. Streptavidin peroxidase immunohistochemistry 
was used to observe expression of Toll-like receptor 
(TLR)4, active caspase-3, Bax and Bcl-2. 

RESULTS
All rats in the normal control and OMT-pretreated 
groups survived. The mortality rate in the model 
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group was 30%. OMT preconditioning down-regulated 
apoptosis of hepatocytes and ameliorated pathological 
changes in liver tissue. The levels of AST, ALT, TNF-α 
and IL-1β in the model group increased significantly, 
and were significantly reduced by OMT pretreatment. 
OMT pretreatment down-regulated expression of TLR4 
and active caspase-3 and the Bax/Bcl-2 ratio, and up-
regulated expression of P-AktSer473 (Akt phosphorylated 
at serine 473) and P-GSK3βSer9 (glycogen synthase 
kinase 3β phosphorylated at serine 9) induced by LPS/
D-GalN. 

CONCLUSION
OMT inhibits hepatocyte apoptosis by suppressing 
the TLR4/PI3K/Akt/GSK-3β signaling pathway, which 
suggests that OMT is an effective candidate for 
ameliorating acute liver failure. 

Key words: Oxymatrine; Acute liver failure; Toll-like 
receptor 4; Apoptosis

© The Author(s) 2017. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: The role of oxymatrine (OMT) in inhibiting 
apoptosis in acute liver failure (ALF) was investigated. 
OMT pretreatment protected liver cells by improving 
the liver pathological change and reducing serum 
aminotransferase in lipopolysaccharide/D-galactosamine-
induced ALF in rats. OMT preconditioning down-
regulated apoptosis of hepatocytes and ameliorated 
pathological changes in liver tissue. The levels of 
alanine aminotransferase, aspartate aminotransferase, 
tumor necrosis factor-α and interleukin-1β in the model 
group increased significantly, and were significantly 
reduced by OMT pretreatment. OMT pretreatment 
down-regulated expression of Toll-like receptor (TLR)4 
and active caspase-3 and the Bax/Bcl-2 ratio, and up-
regulated expression of P-AKTSer473 and P-GSK3βSer9. 
OMT could inhibit hepatocyte apoptosis through the 
TLR4/PI3K/Akt/GSK-3β signaling pathway. 

Zhang X, Jiang W, Zhou AL, Zhao M, Jiang DR. Inhibitory 
effect of oxymatrine on hepatocyte apoptosis via TLR4/PI3K/
Akt/GSK-3β signaling pathway. World J Gastroenterol 2017; 
23(21): 3839-3849  Available from: URL: http://www.wjgnet.
com/1007-9327/full/v23/i21/3839.htm  DOI: http://dx.doi.
org/10.3748/wjg.v23.i21.3839

INTRODUCTION
Acute liver failure (ALF) is a destructive clinical 
syndrome with high mortality, which is caused by 
the acute loss of function and viability of a majority 
of hepatocytes[1,2]. ALF occurs when the extent of 
hepatocyte death exceeds the regenerative capacity 
of the liver. Hepatocyte death can occur via distinct 
biochemical pathways and morphological alterations, 

including apoptosis, autophagic cell death and 
necrosis. Apoptosis is the first cellular response of the 
liver to viruses, drugs, alcohol, toxins and ischemic 
injury, and is followed by necrosis[3]. Massive hepatic 
apoptosis and necrosis is a key mechanism underlying 
ALF[4,5]. 

Toll-like receptor (TLR) 4 mediates multiple signaling 
pathways, and its expression is increased in liver injury 
and ALF[6]. The phosphatidylinositol-3-kinase (PI3K)/
Akt signaling pathway leads to reduced apoptosis, 
stimulates cell growth, regulates glucose metabolism 
and promotes cell proliferation[7]. Under normal 
conditions, PI3K/Akt activation is tightly controlled 
and dependent on both extracellular growth signals 
and the availability of amino acids and glucose. Four 
principal types of sensors control PI3K/Akt pathway 
activation. Through appropriate binding, these sensors 
activate downstream kinases in the PI3K family, 
including Akt. Phosphorylated Akt (P-Akt) activates 
a multitude of downstream targets. Through its 
numerous substrates, Akt mediates signals leading to 
cell growth, cell differentiation and angiogenesis, and 
prevents apoptosis[8]. We have previously confirmed 
that the TLR4/PI3K/Akt/GSK-3β pathway participates 
in the regulation of apoptosis in BRL-3A cells[9] (Figure 
1).

Oxymatrine (OMT) is a quinolizidine alkaloid 
extracted from the Chinese herb Sophora flavescens 
Ait, which possesses antitumor, antioxidant, anti-
inflammatory, anti-allergic, antiviral, antifibrotic and 
anti-apoptotic activities. It has been used for the 
treatment of some inflammatory diseases. However, it 
has not been reported that OMT inhibits the apoptosis 
of liver cells through the TLR4/PI3K/Akt/GSK-3β 
signaling pathway.

In this study, we evaluated the therapeutic effect 
of OMT on lipopolysaccharide (LPS)/D-galactosamine 
(D-GalN)-induced ALF in rats, thus exploring whether 
OMT can inhibit hepatocyte apoptosis via the TLR4/
PI3K/Akt/GSK-3β signaling pathway. 

MATERIALS AND METHODS
Reagents and antibodies 
OMT (98% purity) was purchased from Shaanxi Huike 
Botanical Development Co. Ltd. (Shaanxi, China). 
LPS and D-GalN were obtained from Sigma-Aldrich 
(St. Louis, MO, United States). Annexin V-fluorescein 
isothiocyanate (FITC)/propidium iodide were obtained 
from Biouniquer Technology Co., Ltd. (Nanjing, China). 
Antibodies against TLR4, Akt, P-Akt, glycogen synthase 
kinase (GSK)-3β, phosphorylated GSK-3β (P-GSK-3β), 
active caspase-3, Bax and Bcl-2 were obtained from 
Cell Signaling Technology (Beverly, MA, United States). 

Treatment of animals
Animals were maintained in a temperature-controlled 
(18-22 ℃) and humidity-controlled (50%-70%) 
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environment with a 12 h light/dark cycle. They were 
adapted to the environment for 1 wk. One hundred 
male Sprague-Dawley rats weighing 220-250 g were 
randomly assigned to five groups: normal control 
group, model group, OMT low-dose group, OMT 
middle-dose group, and OMT high-dose group. Rats in 
the OMT low-dose group, OMT middle-dose group and 
OMT high-dose group were injected intraperitoneally 
with OMT at 30, 60 and 120 mg/kg once daily, 
respectively, for 3 consecutive days before creating 
the ALF model. The normal control and model groups 
received an equivalent volume of saline. The rats 
were fasted for 24 h and injected (except for controls) 
intraperitoneally with D-GalN (700 mg/kg) and LPS (10 
μg/kg) dissolved in saline. Rats were anesthetized with 
ketamine and killed by decapitation at 24 h after LPS/
GalN injection. Blood and liver samples were collected 
for further assessment.

Pathological examination of the liver
Liver tissues were fixed in paraformaldehyde for 24-48 
h, dehydrated in ethanol, treated in xylene, embedded 
in paraffin, and cut into 4-μm sections, followed by 
hematoxylin and eosin (HE) staining. After mounting, 
sections were observed under a light microscope 
and pathological examination was conducted by two 
experienced pathologists. Consensus was obtained 
between two pathologists.

Transmission electron microscopy  
Liver tissues were fixed in 2.5% glutaraldehyde solution 
for 2 h, washed in 0.1 mol/L phosphate buffer, fixed in 

1% osmium tetroxide for 2-3 h, dehydrated in ethanol, 
embedded and cut into 50-60-nm sections. The 
sections were stained with 3% uranyl acetate and lead 
citrate double staining. Sections were observed under a 
transmission electron microscope.

Liver function tests
Serum alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) were determined by bio
chemical method using an automatic biochemical 
analyzer (Olympus, Tokyo, Japan). This quantitative 
test was conducted in the Department of Biochemistry 
at the Affiliated Hospital of Nantong University.

Tumor necrosis factor-α  and interleukin-1β  detection
We detected expression of tumor necrosis factor 
(TNF)-α and interleukin (IL)-1β using enzyme-linked 
immunosorbent assay (ELISA) kit according to the 
manufacturer’s instructions (RapidBio, Palo Alto, CA, 
United States), drew the standard curve, and calculated 
the concentration of unknown samples.

Flow cytometry 
Liver tissue was made into a single cell suspension. 
Cells were suspended in annexin V binding buffer and 
stained with annexin V-FITC and propidium iodide. 
Ten thousand cells were collected for each sample. 
The stained cells were analyzed within 1 h using flow 
cytometry (BD Biosciences, San Jose, CA, United 
States).

Western blotting 
Equal amounts of protein were extracted from 
each group and separated by 8%-12% SDS-
PAGE, then transferred to polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, United States). 
The membranes were blocked with 5% skimmed 
milk in 1 × Tris-buffered saline/Tween 20 (TBST) for 
2 h at room temperature and incubated overnight at 
4 ℃ with corresponding primary antibodies against 
TLR4 (1:1000), AKT (1:1000), P-AKT (1:1000), GSK-
3β (1:1000), P-GSK-3β (1:1000), active caspase-3 
(1:1000), Bax (1:1000) and Bcl-2 (1:1000). The 
membranes were washed three times with 1 × TBST, 
followed by incubation with horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG (1:10000; Bioworld, 
Minneapolis, MN, United States) for 2 h and visualized 
with the Enhanced Chemiluminescence (ECL) 
Detection Kit (Millipore, New York, NY, United States). 
The optical densities (ODs) of the protein bands were 
analyzed with a ChemiScope (Bio-Rad, Hercules, CA, 
United States) analysis program.

Immunohistochemistry
Immunohistochemistry was performed to detect 
TLR4, active caspase-3, Bax and Bcl-2 in the liver. 
Liver sections were heated for 2 d, deparaffinized and 
dehydrated. After antigen retrieval, sections were 
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Figure 1  Lipopolysaccharide induces apoptosis of hepatocytes via the 
TLR4/PI3K/Akt/GSK-3β pathway. LPS: Lipopolysaccharide; TLR: Toll-like 
receptor.
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Apoptosis of hepatocytes 
Flow cytometry showed that the rate of hepatocyte 
apoptosis in the model group was significantly higher 
than that in the control group (P < 0.05). The middle 
and high doses of OMT significantly down-regulated 
apoptosis of hepatocytes (P < 0.05) (Figure 5).

Effect of OMT on protein expression of the TLR4/PI3K/
Akt/GSK-3β  signaling pathway in liver tissue
Western blotting showed that expression of TLR4 in 
the model group significantly increased (P < 0.05), 
and protein expression of Akt phosphorylated at serine 
473 (P-AktSer473) and GSK-3β phosphorylated at serine 
9 (P-GSK-3βSer9) significantly decreased (P < 0.05). 
Compared with the model group, the middle and 
high doses of OMT significantly down-regulated TLR4 
expression (P < 0.05) and up-regulated expression of 
P-AktSer473 and P-GSK-3βSer9 (P < 0.05) (Figure 6).

Effect of OMT on active caspase-3 and Bax/Bcl-2 in liver 
tissue
Expression of active caspase-3 protein and Bax/Bcl-2 
ratio in the model group was significantly increased 
(P < 0.05). Compared with the model group, OMT 
pretreatment significantly down-regulated expression 
of active caspase-3 and Bax/Bcl-2 ratio (P < 0.05) 
(Figure 7).

Effect of OMT on TLR4, active caspase-3, Bax and Bcl-2 
in liver tissue
In the model group, HE staining showed obvious 
necrosis of liver cells, large patchy hemorrhage and 
necrosis. Only a small number of liver cells survived. 
There was no normal structure of hepatic lobules, 
and fibrous mesh scaffolds collapsed, accompanied 
by periportal infiltration of many inflammatory cells. 
OMT preconditioning reduced the pathological changes 
in liver tissue. Immunohistochemistry showed that 
expression of TLR4, Bax and active caspase-3 in 
the model group increased significantly and Bcl-2 
expression decreased significantly compared with 
the normal control group (P < 0.05). Compared with 
the model group, OMT pretreatment significantly 
down-regulated expression of TLR4, Bax and active 
caspase-3, and increased expression of Bcl-2 (P < 0.05) 
(Figure 8).

DISCUSSION
Apoptosis is a major pathological feature of ALF[10-14]. 
Apoptosis is a form of programmed cell death that is 
required for the maintenance of tissue homeostasis 
by counter-balancing cell proliferation and eliminating 
damaged, infected or transformed cells. The process of 
liver cell apoptosis plays a vital role in the formation of 
subsequent necrosis[11,15]. Excessive apoptosis, resulting 
in too much cell death, has potentially devastating 
effects and may lead to tissue destruction and ALF[16,17]. 

incubated with 3% H2O2 for 10 min and blocked in 
goat serum, then incubated with antibodies to TLR4 
(1:100), active caspase-3 (1:300), Bax (1:100) 
and Bcl-2 (1:100) antibody at 4 ℃ overnight. After 
incubation with HRP-conjugated goat anti-rabbit IgG 
(1:200) at room temperature for 30 min, anti-protein-
peroxidase solution was added, and visualized with 
diaminobenzidine. Sections were observed under a 
light microscope. Ten fields were randomly selected 
from each section. TLR4-positive cells showed tan 
cytoplasm. Active-caspase-3-positive cells showed 
tan nucleus and cytoplasm. Bax- and Bcl-2-positive 
cells showed brown granules in the cytoplasm and 
cell membrane. Image Pro-Plus 6.0 was used for 
the detection of OD, as a marker of TLR4, active-
caspase-3, Bax and Bcl-2 expression.

Statistical analysis 
The results were analyzed with SPSS version 18.0 
(SPSS Inc., Chicago, IL, United States). Data are 
presented as mean ± SEM. Statistical significance of 
differences between groups was evaluated by one-way 
analysis of variance with Tukey’s multiple comparison 
test. P < 0.05 was considered statistically significant. 

RESULTS
General observation of rats
All rats in the normal control and OMT-pretreated 
groups survived. The mortality rate in the model group 
was 30%. Gross observation of the liver in the model 
group showed marked swelling of liver tissue, diffuse 
hemorrhage and ecchymosis on the dark red liver 
surface. OMT preconditioning reduced the severity of 
liver injury.

Transmission electron microscopy 
In the model group, transmission electron microscopy 
(TEM) showed significant necrosis of liver cells, 
irregular shape of liver cells, visible pyknosis and 
apoptotic bodies, hepatocyte mitochondrial damage, 
and no obvious cell structure. OMT preconditioning 
reduced the pathological changes in the liver tissue 
(Figure 2). 

Effect of OMT on ALT and AST levels
Compared with the control group, the levels of ALT 
and AST in the model group increased significantly (P 
< 0.01). OMT pretreatment significantly reduced the 
levels of AST and ALT (P < 0.05) (Figure 3).

Effect of OMT on TNF-α  and IL-1β  expression
The results of ELISA showed that expression of 
TNF-α and IL-1β in the LPS/D-GalN group increased 
significantly (P < 0.01). Compared with the LPS/D-GalN 
group, OMT pretreatment significantly decreased 
expression of TNF-α and IL-1β (P < 0.05 or P < 0.01) 
(Figure 4).
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Figure 2  Hepatic tissue in each group as viewed by transmission electron microscopy. Apoptotic body (green arrow), nuclear shrinkage (yellow arrow), 
apoptotic hepatocytes (red arrow). D-GalN: D-galactosamine; LPS: Lipopolysaccharide; OMT: Oxymatrine.
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OMT has a tetracyclic quinolizine structure. Its 
molecular formula is C15H24N2O. It is an alkaloid 
extracted from Radix Sophorae Flavescentis, Sophora 
alopecuroide and Radix Sophorae Subprostrata 
(traditional Chinese medicine belonging to the 
legumes). The anti-inflammatory, anti-oxidative 
and antiviral effects of OMT, as well as its role in 
immunological regulation, have been reported[18-21]. 
OMT has a variety of pharmacological actions. It has a 
protective effect on ischemic and reperfusion injury in 
liver, and the intestines and heart via its anti-apoptotic 
and anti-inflammatory activity[21-23]. We are the first 
to investigate the role of OMT in the inhibition of 
apoptosis in ALF and its potential mechanisms.

LPS is the major structural component of the 
cell wall of Gram-negative bacteria. LPS can initiate 
intracellular signals, express and release many types of 
inflammatory factors and cellular toxic substances, and 
thus induce apoptosis and necrosis of liver cells[24,25]. 
Through binding with LPS, TLR4 is initiated, which 
activates nuclear transcription factor (NF)-κB with the 
assistance of CD14 and myeloid differentiation protein 
2[26,27]. NF-κB then translocates to the nucleus, where 
it activates and regulates the transcription of genes 
related to inflammatory responses, such as TNF-α, IL-
1β, IL-6, nitric oxide and superoxide, which further 
induces apoptosis and necrosis of liver cells or more 
intricate biological responses[28,29]. Previous studies 
have replicated apoptosis in the hepatic cell line, BRL-
3A, and in animals with liver failure using LPS[30,31].

D-GalN is a specific hepatic transcription inhibitor, 

which consumes UTP in the liver, inhibits RNA synthesis 
and damages liver biosynthetic function. Lesions in 
the D-GalN-induced model of ALF are restricted to the 
liver, without affecting other organs. The biochemical 
and morphological changes in the model are similar 
to those in human ALF[32]. LPS causes hepatic sinus 
injury and liver fibrin deposition, thus leading to 
severe liver dysfunction[33]. D-GalN can amplify and 
enhance the toxic effect of LPS within a few hours, 
thus aggravating liver failure. In the animal model of 
LPS/D-GalN-induced ALF, D-GalN blocks transcription 
of hepatic genes, and LPS induces cytokine-dependent 
liver inflammation, accompanied by cell apoptosis and 
death[34]. 

In the present study, LPS and D-GalN were used to 
establish the model of ALF in rats. HE staining showed 
obvious pathological changes in the model group, 
including multiple areas of periportal inflammation, 
bleeding, necrosis and inflammatory cell infiltration. 
TEM showed irregular liver cells with apoptotic bodies 
and mitochondrial damage. Serum aminotransferases 
were elevated, and expression of TNF-α and IL-1β in 
the LPS/D-GalN group increased significantly. Apoptotic 
rate and mortality of rats were significantly increased. 
The changes in liver function and pathology were all 
consistent with ALF. 

Our results indicate that D-GalN specifically 
enhances the hepatotoxicity of LPS and promotes 
the development of ALF. We constructed a model of 
LPS/D-GalN-induced ALF in rats. OMT pretreatment 
significantly improved the mental state of the rats, 
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reduced the serum levels of ALT and AST, down-
regulated expression of TNF-α and IL-1β, ameliorated 
liver tissue pathology, decreased apoptotic rate, and 
improved the survival rate of the rats. The results 
showed that OMT pretreatment had an obvious 
protective effect on LPS/D-GalN-induced ALF in rats, 
and has the potential for clinical treatment of ALF.

Studies have confirmed that the expression of 
TLR4 is increased in liver injury and ALF[6]. We have 
previously confirmed that the TLR4/PI3K/Akt/GSK-
3β pathway participates in the regulation of apoptosis 
in BRL-3A cells[9]. In the present study, we further 
evaluated the effect of OMT on hepatocyte apoptosis 
and explored its underlying mechanism. TLR4 is one 
of the first members of the TLR family and has been 
well characterized as a pattern-recognition receptor[35]. 
Unlike other TLRs, TLR4 can activate the MyD88-
dependent and TRIF signaling pathways[36]. 

The PI3K/Akt signaling pathway is of importance 

in regulating cell survival and apoptosis[37]. Activated 
PI3K can promote formation of the second messenger, 
phosphatidylinositol (3,4,5)-trisphosphate, which 
activates Akt through phosphorylation. Akt is a 
serine/threonine kinase that can be fully activated 
by phosphorylation at T308 and S473. Activated Akt 
then activates or inhibits the phosphorylation of its 
downstream substrates including GSK3 and FOXOs 
(forkhead family of transcription factors) to regulate 
cell proliferation, differentiation, apoptosis, migration 
and other important processes[38-40]. Akt also prevents 
cytochrome c release and inhibits apoptosis by 
phosphorylating B-cell-lymphoma-associated death 
protein at Ser136 to release its inhibition of Bcl-xL. 
Additional Akt substrates include transcription factors 
p53, FOXO1 and NF-κB. 

To explore further the underlying mechanism of the 
anti-apoptotic effect of OMT, we detected expression 
of TLR4, P-AktSer473, Akt, P-GSK-3βSer9 and GSK-3β. Our 
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results indicated that LPS/D-GalN increased protein 
levels of TLR4 and decreased levels of P-AktSer473, 
and P-GSK-3βSer9 were dramatically blocked by OMT 
pretreatment. OMT markedly decreased the protein 
levels of TLR4. LPS treatment dramatically increased 
the TLR4 expression on hepatocyte surfaces and PI3K/
Akt/GSK-3β activation, while OMT inhibited the LPS-
induced invasion and the phosphorylation of GSK3 and 
Akt. The above results suggest that OMT exerts its 
anti-apoptotic effect through the TLR4/PI3K/Akt/GSK-
3β signaling pathway. 

Apoptosis is the result of a series of highly regulated 
caspase cascades, which are actively executed by 
the caspase family, including caspase-3. Activated 
caspase-3 induces apoptosis by inactivating the 
related protease in repairing DNA, which is the final 
execution phase of apoptosis[41-43]. The PI3K/Akt 
signaling pathway inhibits apoptosis and protects 

cell survival through decreasing the expression of 
p53 and its downstream Bax (proapoptotic gene), 
enhancing the mitochondrial membrane potential, 
inhibiting the production of reactive oxygen species, 
up-regulating the proportion of Bcl-2 and Bcl-xL (anti-
apoptotic genes), inhibiting the release of cytochrome 
c, and reducing the expression of caspase-3 and 
caspase-9[44-46]. 

The balance between anti-apoptotic protein Bcl-2 
and proapoptotic protein Bax plays a key role in 
regulating cell death[47]. Therefore, anti-apoptotic 
therapy via inhibition of caspase-3 expression and 
regulation of the balance of Bcl-2/Bax has been 
proposed to be useful for attenuating ALF. Our results 
showed that the level of caspase-3 and the ratio of 
Bax/Bcl-2 in liver tissue stimulated by LPS/D-GalN 
significantly increased. The effect was obviously 
attenuated by pretreatment with OMT. 
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We conclude that OMT inhibits hepatocyte apoptosis 
through the TLR4/PI3K/Akt/GSK-3β signaling pathway. 
OMT could be an effective candidate for ameliorating 
ALF.

COMMENTS
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Lipopolysaccharide/D-galactosamine (LPS/D-GalN) was used to establish a 
model of acute liver failure (ALF) in rats. In this study, the author demonstrated 
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Applications
The levels of alanine aminotransferase, aspartate aminotransferase, tumor 
necrosis factor-α and interleukin-1β in the model group increased significantly, 
and were significantly reduced by OMT pretreatment. OMT pretreatment down-
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