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Autophagy and ER stress in LPS/GalN-induced acute liver injury
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Abstract. Numerous mechanisms and factors have been
implicated in liver damage; however, the involvement of
autophagy and endoplasmic reticulum (ER) stress during
early-stage liver injury remains to be fully elucidated. The
present study was conducted to determine the expression of
autophagy and ER-stress-associated proteins in hepatic tissues
following injury. A murine model of liver injury was induced
by intraperitoneally injecting lipopolysaccharide (LPS) and
D-galactosamine (GalN), and control mice were similarly
injected with normal saline. The gross and histological
appearance of the liver was examined, serum alanine amino-
transferase (ALT) levels were detected, and protein expression
evaluated via Western blot analysis. Co-administration of
LPS and GalN effectively induced liver injury in mice, with
severe liver damage manifesting at 6 h following induc-
tion. Furthermore, upregulation of autophagy-associated
proteins, including microtubule-associated protein 1 light
chain 3 (MAPI1 LC3 or, briefly, LC3-II) and Beclin 1, were
detected 3 h following liver injury. Consistently, the expres-
sion of the ER stress factor CCA AT/enhancer binding protein
(C/EBP)-homologous protein decreased after 1 h, but increased
3 h after liver damage. Autophagy and ER stress occurred in
early-stage liver injury induced by LPS-GalN administration
in mice. Induction of autophagy may act as a compensatory
mechanism during early liver injury.

Introduction

Acute liver injury or acute liver failure is a rare, but life-threat-
ening, disorder associated with high morbidity and mortality (1).
Extensive hepatocyte cell death is typically observed in the
pathogenesis of acute liver injury (2). The creation of animal
models with acute liver injury through exposure to lipopolysac-
charide (LPS) and D-galactosamine (GalN) is an extensively
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applied approach in rodents; the efficacy of combined treat-
ment with these agents in inducing hepatotoxicity is greater as
compared with that induced by either drug alone (3,4). However,
the pathogenesis of liver damage induced by co-administration
of LPS and GalN has not yet been fully elucidated.

Hepatocyte apoptosis and necrosis is a predominant feature
during acute liver injury (5). In addition to apoptosis and
necrosis, it has previously been demonstrated that autophagy
may be induced in hepatocytes upon LPS/GalN-induced liver
injury (6). Autophagy is known to exhibit a pivotal role in main-
taining cellularhomeostasis through self-digestion of long-lived
proteins or damaged organelles under stimuli (7). During induc-
tion of autophagy, cytosolic components are encapsulated in a
phagophore, which forms a double-membrane-bound vesicle
termed an autophagosome. This newly formed autophagosome
fuses with a lysosome, allowing degradation of encapsulated
products, whereby molecules and proteins may be recycled to
improve cell survival. It has been suggested that autophagy
not only modulates normal liver function, but also participates
in the pathogenesis of various liver disorders (8). A previous
study demonstrated that autophagy is closely associated with
endoplasmic reticulum (ER) stress during the development
of steatohepatitis in diabetic mice (9). The expression of ER
stress-signaling components, including CCAAT/enhancer
binding protein (C/EBP)-homologous protein (CHOP; a
pro-apoptotic transcription factor), are positively associated
with autophagic activity in liver tissues (9). In accordance
with the results from the present study, it has previously been
demonstrated that CHOP contributes to hepatocyte death
during acute liver injury (10).

Given that ER stress is a potent trigger for induction of
autophagy (11,12), it is possible that acute liver injury may
lead to ER stress, which subsequently activates autophagy.
To investigate this hypothesis, a murine model of acute liver
injury was created by intraperitoneally injecting LPS and
GalN. Expression of autophagy and ER-stress-associated
proteins were examined at indicated time points following the
onset of acute liver injury.

Materials and methods

Reagents. Lipopolysaccharide was obtained from
Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). GalN
was provided by Chongqing Medical University, (Chongqing,
China). Anti-microtubule-associated protein 1 light chain
(LC)-3, anti-Beclin-1, anti-CHOP, and anti-f-actin primary
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antibodies were all purchased from Cell Signaling Technology,
Inc., (Danvers, MA, USA). Horseradish peroxidase
(HRP)-conjugated secondary antibodies were purchased from
‘Wuhan Boster Biological Technology Co., Ltd (Wuhan, China).

Animals and experimental assignment. A total of 34 male
Kunming mice (age, 8-10 weeks; weight, 25+5 g) were obtained
from the Laboratory Animal Center, Shanxi Medical University
(Taiyuan, China) [SCXK (Jin) 2009-0001]. Mice were housed
together and acclimatized at 18-26°C at a constant humidity of
65-80% under standard lighting conditions (12/12 h light/dark)
for 1 week and then randomly assigned to 4 groups: Control
(n=8), 1-h liver injury (n=8), 3-h liver injury (n=8), and 6-h
liver injury (n=10). Liver injury in test mice was induced by
an intraperitoneal injection of 0.2 ml normal saline containing
5 ug LPS and 0.02 g GalN, whereas controls were administered
0.2 ml normal saline by intraperitoneal injection. Mice had free
access to food and water. This study was approved by the ethics
committee of Shanxi Medical University.

Sample collection. At 1, 3, or 6 h following LPS/GalN injec-
tion, blood samples were collected from the eye vein into
heparinized tubes, and mice were sacrificed via cervical dislo-
cation. The left lobe of the liver was removed from each mouse
and tissue samples were processed by fixation in 10% form-
aldehyde solution for 24-48 h at room temperature, washed
with sterile normal saline, wrapped with sterile tinfoil, frozen
in liquid nitrogen, and stored at -70°C in a refrigerator until
further analysis.

Histological examination. For histological examination,
tissue samples were prepared for hematoxylin and eosin (HE)
staining; briefly, samples were dehydrated in an ethanol series,
cleared in xylene and embedded in paraffin. Paraffin-embedded
tissues were sectioned in an automatic tissue processor (Leica
Microsystems GmbH, Wetzlar Germany) into 4-5 pm-thick
slices and subjected to HE staining. For HE staining, samples
were stained with hematoxylin for 1-2 min at room temperature.
After washing, slices were stained with eosin for 30-60 sec
at room temperature. Micrographs under x400 magnification
were randomly selected and captured using a light microscope
(Nikon Corporation, Tokyo, Japan).

Determination of serum alanine aminotransferase levels.
Serum was obtained from blood samples by centrifugation
at 3,000 x g for 10 min at 4°C and was evaluated for serum
alanine aminotransferase (ALT) activity using a commercial
kit (cat. no. C009-1) according to the manufacturer's protocol
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Western blot analysis. A total of 200 ug liver tissue was
removed from each mouse in the study groups and ground
in liquid nitrogen. Protein was extracted using lysis buffer
containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1%
NP-40, 1 pg/ml leupeptin, 1 ug/ml aprotinin and 1 mM
PMSF. The protein concentration was determined using
Coomassie Brilliant Blue assay (Fluka Chemie GmbH, Buchs,
Switzerland). Proteins were denatured by boiling and 40 ug
denatured proteins were loaded on and separated by 8% (for
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Figure 1. Gross examination of livers obtained from mice in study groups.
Images represent control, n=8; 1-h liver injury group, n=8; 3-h liver injury
group, n=_8; and 6-h liver injury group, n=9.

Beclin 1) or 12% (for LC3) SDS-PAGE, prior to transfer to
nitrocellulose membranes. Membranes were blocked in 5%
non-fat dry milk in Tris-buffered saline containing Tween-20
(TBS-T; 0.1% Tween-20) for 2 h at room temperature, and
then incubated with primary antibodies for overnight at 4°C.
Primary antibodies used include rabbit monoclonal anti-LC3
(1:1,000; cat. no. 13118), rabbit monoclonal anti-Beclin-1
(1:1,000; cat. no. 3495), rabbit monoclonal anti-CHOP (1:1,000;
cat no. 5554) and rabbit monoclonal anti-f-actin (1:1,000;
cat. no. 4970) antibodies. Following washing, membranes were
incubated with goat anti-rabbit HRP-conjugated secondary
antibodies (1:4,000; cat no. BA1003) for 2 h. Immunobands
were visualized via exposure to an x-ray beam in a dark room,
the x-ray film was scanned by a gel imaging system (JD801;
Jiangsu JEDA Science-Technology Development Co., Ltd.,
China), and the densitometric values of the bands were quanti-
fied using ImagelJ software version 1.47e (National Institutes
of Health, Bethesda, MD, USA). The housekeeping protein
[-actin was used as an internal control.

Statistical analysis. Data were analyzed by SPSS software,
version 21 (IBM Corp, Armonk, NY, USA) and results are
presented as the mean + standard error of the mean. Statistical
significance was examined using one-way analysis of vari-
ance followed by a post hoc least significant difference test
for multiple comparisons. P<0.05 was considered to indicate a
statistically significant difference.

Results

LPS/GalN induces liver injury in mice. The present study firstly
established a rodent model of liver injury by injecting LPS and
GalN intraperitoneally. In the 6-h liver injury group, 1 mouse
died of liver failure at 5.5 h following model establishment
and, therefore, blood and tissue samples of this mouse were
not collected for analysis. All other study animals survived
until analysis. Gross examination of livers revealed a deep red
color and a soft, smooth surface in normal livers (Fig. 1). No
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Figure 2. Histological examination of hematoxylin and eosin-stained liver
tissues. Representative images of control, n=8; 1-h liver injury group, n==8;
3-h liver injury group, n=8; and 6-h liver injury group, n=9. Scale bars,
100 pm.
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Figure 3. Serum ALT levels increase with LPS-GalN administration. Control
group, n=8; I-h liver injury group, n=8; 3-h liver injury group, n=8; and 6-h
liver injury group, n=9. Mean ALT concentration was calculated. "P<0.001
vs control. LPS, lipopolysaccharide; GalN, D-galactosamine; ALT, alanine
aminotransferase.

obvious difference in gross appearance of liver between 1-h
and 3-h liver injury groups and the control group was evident.
However, livers in the 6-h liver injury group appeared dark
red and had a slightly roughened surface. HE-stained liver
specimens did not manifest any histological abnormalities in
control, 1-h, or 3-h liver injury mice (Fig. 2); however, evident
histological alterations with irregularly distributed hepatocytes
and abnormal cell morphology were observed in liver tissues
of the 6-h liver injury mice. In accordance with these observa-
tions, the serum ALT level was significantly elevated at 6 h
following LPS and GalN administration (786.93+51.55 U/l;
P<0.001 compared with control), although no significant
difference was detected in the 1-h or 3-h liver injury groups
compared with control (control, 46.23+8.17; 1-h liver injury,

7003

48.07+9.33; 3-h liver injury, 93.49+16.37 U/l; Fig. 3). These
results demonstrated that co-administration of LPS and GalN
in mice effectively induced liver injury that evidently occurred
6 h following drug injection.

LPS/GalN induces autophagy induction during early stage
liver injury. In order to understand the potential involvement
of autophagy in liver injury, the present study determined
the protein expression of autophagy-associated proteins at
different stages of liver injury. The conversion from cytosolic
(LC3-]) to a lipid-bound form (LC3-II) of LC3 is a reliable
biomarker for autophagy induction (13). LC3-II was revealed
to be weakly expressed in normal liver tissues (Fig.4). At 1 h
following liver injury, the LC3-II level was reduced. However,
markedly upregulated LC3-II expression was detected at
3 h following LPS and GalN administration, and the level
of LC3-II then declined. Beclin-1 is required for autophago-
some formation, which is the initial step of autophagy (13).
Consistent with that of LC3-II expression, western blot anal-
ysis demonstrated that Beclin-1 expression in liver tissues
was reduced at 1 h, whereas it was enhanced at 3 h following
liver injury (Fig. 4). Levels of Beclin 1 reverted to baseline
6 h following injury (Fig. 4). These findings indicated that
liver injury induced by LPS and GalN administration results
in initial autophagy inhibition followed by activation, which
precedes severe liver injury.

LPS/GalN upregulates CHOP expression during early
stage of liver injury. The expression of CHOP is evidence
of highly induced ER stress and is, therefore, recognized
as a reliable biomarker for the perturbation of the ER (14).
It has previously been demonstrated that CHOP contrib-
utes to hepatotoxicity (15); therefore, the present study
investigated the role of CHOP in LPS/GalN-induced liver
damage. Although no significant difference was observed,
protein expression of CHOP was slightly reduced in the
liver at 1 h following injury, compared with in healthy liver
tissues (Fig. 5). However, a marked upregulation of CHOP
was observed at 3 h following co-administration of LPS and
GalN, which reverted to baseline levels at later stages of
liver injury (6 h). These data suggested that ER stress occurs
concomitantly with autophagy induction, both of which are
initiated during early-stage liver injury.

Discussion

By creating a mouse model of acute liver injury, the present
study investigated the potential involvement of autophagy
and ER stress in injured liver tissues. The results demon-
strated that autophagy-associated proteins (LC3-II, Beclin 1)
and the ER-stress-associated protein CHOP were markedly
upregulated 3 h following liver injury, and preceded severe
liver injury.

In the present study, acute liver injury in mice was induced
by intraperitoneal co-administration of LPS and GalN. LPS
constitutes the outer membrane of most gram-negative
bacteria, and is essential in mediating endotoxemia (16).
Accumulating evidence suggests that intraperitoneal LPS
injection induces systemic inflammation and contributes to
hepatic dysfunction in rodent studies (17,18). GalN, which is
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Figure 4. Protein expression of LC3 and Beclin-1 in liver tissues. Total
protein was extracted from liver tissues (control group, n=8; 1-h liver injury
group, n=8; 3-h liver injury group, n=_8; and 6-h liver injury group; n=9) and
expression of LC3-I, LC3-1I, and Beclin-1 were determined using western
blot analysis. f-actin was used as an internal control. (A) Representative
images and (B) quantification of protein expression normalized to f-actin.
LC3, microtubule-associated protein 1 light chain 3.
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Figure 5. Protein expression of CHOP in liver tissues. Total protein was
extracted from liver tissues (control group, n=8; 1-h liver injury group, n==8;
3-h liver injury group, n=_8; and 6-h liver injury group, n=9) and expres-
sion of CHOP determined via western blot analysis. 3-actin was used as
an internal control (A) Representative images and (B) quantification of
protein expression normalized to 3-actin. CHOP, CCA AT/enhancer binding
protein-homologous protein.
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a hepatocyte-specific inhibitor of RNA synthesis, mediates
liver damage through specific induction of uridine triphos-
phate deficiency in the liver (19). Furthermore, the induction
of acute liver injury by GalN administration has been demon-
strated in previous studies (20,21). Notably, treatment with
GalN sensitizes animals to LPS-induced hepatotoxicity (22);
therefore, co-administration of LPS and GalN has a wide-
spread application in inducing acute liver injury in mice. In
the present study, LPS-GalN-induced liver injury progressed
to severe liver damage with enhanced cell death and elevated
serum ALT levels at 6 h following induction, although no
marked ALT or pathological alterations were observed in
1-3 h following induction. These data are in agreement with
a previous report that demonstrated detectable liver injury at
4 h and significant liver damage at 6 h following co-treatment
with LPS and GalN (23).

Autophagy is a lysosomal-dependent degradative pathway
whereby cells digest cytoplasmic components, damaged
organelles or long-lived proteins. In the present study, 3 h
following intraperitoneal injection of LPS-GalN, considerable
upregulation of the autophagy-associated proteins LC3-1T and
Beclin 1 was observed in liver tissues, together with minimal
detectable liver injury. Therefore, autophagy may possibly
serve as a compensatory mechanism during early liver
injury, and induction of autophagy may improve hepatocyte
survival by providing energy against an adverse environment.
To date, the precise role of autophagy in acute liver injury
remains to be fully elucidated. Amir ef al (23) demonstrated
acceleration of hepatocellular death following LPS-GalN
administration in autophagy-associated gene Atg7-deficient
mice. Conversely, Li ef al (6) revealed that wortmannin, a
potent autophagy inhibitor, blocks autophagic activity by
alleviating LPS-GalN-induced acute liver injury in mice.
These discrepancies may be attributable to the differences
between genetic manipulation and pharmacological modula-
tion. Nevertheless, the functional role of autophagy in hepatic
injury requires further investigation.

It has previously been demonstrated that ER stress is
associated with liver diseases (24,25), and ER stress has been
implicated in acetaminophen-induced acute liver failure (26).
Furthermore, a marked elevation in protein expression of
CHOP, the key molecule in ER stress, has been observed in
liver tissues of patients with acute liver failure (10). Sustained
hepatocellular ER stress may ultimately lead to hepatocyte
death and contribute to liver injury (27). Inhibition of ER
stress has been indicated to attenuate liver damage in a rat
model of acute liver injury following 90% hepatectomy (28).
Notably, ER stress is a well-characterized inducer of
autophagy (11,12), implying the close association between
ER stress and autophagy in acute liver injury. The present
study detected upregulated CHOP expression with autophagy
activation 3 h following LPS and GalN co-administration.
Therefore, LPS-GalN may induce ER stress in liver tissues,
subsequently inducing autophagy during early-stage liver
damage that may then counter further progression of liver
injury. Notably, 6 h following LPS-GalN injection, autophagy
induction and ER stress reverted to baseline levels, indi-
cating this self-protective mechanism may be insufficient
for preventing sustained liver damage. These data provide
valuable insights into understanding the involvement of
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autophagy and ER stress in the development of acute liver
failure.

In summary, the results of the present study reveal that

LPS-GalN efficiently induces acute liver injury in mice.
Furthermore, ER stress and autophagy induction occur in
early-stage liver damage, and this activation of autophagy
may have a compensatory role in liver injury.
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