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Endoplasmic Reticulum Stress-Activated Glycogen Synthase
Kinase 33 Aggravates Liver Inflammation and Hepatotoxicity

in Mice with Acute Liver Failure

Feng Ren,' Li Zhou,' Xiangying Zhang,' Tao Wen,' Hongbo Shi,' Bangxiang Xie,' Zhuo Li,"
Dexi Chen,' Zheling Wang,”* and Zhongping Duan'"

Abstract—Endoplasmic reticulum stress (ER stress) has been increasingly recognized as an important mech-
anism in various liver diseases. However, its intrinsic physiological role in acute liver failure (ALF) remains
largely undetermined. This study aimed to examine how ER stress orchestrates glycogen synthase kinase 33
(GSK3p) and inflammation to affect ALF. In a murine ALF model induced by D-galactosamine (D-GalN) and
lipopolysaccharide (LPS), 4-phenylbutyric acid (4-PBA) is to be administered to relieve ER stress. The lethality
rate, liver damage, cytokine expression, and the activity of GSK3[3 were evaluated. How to regulate LPS-
induced inflammation and TNF-o-induced hepatocyte apoptosis by ER stress was investigated in vitro. In vivo,
ER stress was triggered in the liver with the progression of mice ALF model. ER stress was essential for the
development of ALF because ER stress inhibition by 4-PBA ameliorated the liver damage through decreasing
liver inflammation and hepatocyte apoptosis. 4-PBA also decreased GSK33 activity in the livers of ALF mice.
In vitro, ER stress induced by tunicamycin synergistically increased LPS-triggered pro-inflammatory cytokine
induction and promoted the activation of nuclear factor-kB (NF-«kB) and mitogen-activated protein kinase
(MAPK) pathway in bone marrow-derived macrophages; moreover, tunicamycin also cooperated with TNF-oc
to increase hepatocyte apoptosis. ER stress promoted LPS-triggered inflammation depending on GSK3[3
activation because inhibition of GSK3(3 by SB216763, the specific inhibitor of GSK33, resulted in down-
regulation of pro-inflammatory genes. ER stress contributes to liver inflammation and hepatotoxicity in ALF,
particularly by regulating GSK3{3, and is therefore a potential therapeutic target for ALF.

KEY WORDS: endoplasmic reticulum stress; acute liver failure; glycogen synthase kinase 3(3; hepatotoxicity;

inflammation; apoptosis.

Feng Ren and Li Zhou have contributed equally to this study.

! Beijing Artificial Liver Treatment & Training Center, Beijing YouAn
Hospital, Capital Medical University, Beijing, China

2 Qingdao Infectious Disease Hospital, Qingdao, Shandong Province, China

3 To whom correspondence should be addressed to Zheling Wang at Qingdao
Infectious Disease Hospital, Qingdao, Shandong Province, China. E-mail:
wzhLYz@]163.com; and Zhongping Duan at Beijing Artificial Liver
Treatment & Training Center, Beijing YouAn Hospital, Capital Medical
University, Beijing, China. E-mail: duanzhongping0929@hotmail.com

Abbreviations: ALF, Acute liver failure; ER, Endoplasmic reticulum; ER
stress, Endoplasmic reticulum stress; GSK3[3, Glycogen synthase kinase 3(3;
D-GalN, D-galactosamine; LPS, Lipopolysaccharide; UPR, Unfolded protein
response; Grp78, Glucose-regulated protein 78; Grp94, Glucose-regulated
protein 94; HPRT, Hypoxanthine-guanine phosphoribosyltransferase; IP;R:
inositol 1, 4, 5-trisphosphate receptors; PARP, Poly ADP ribose polymerase;
NF-«B, Nuclear factor-kB; MAPK, Mitogen-activated protein kinase; IkB-c,
IkappaB-alpha; TNF-«, Tumor necrosis factor-cc; IL-1[3, Interleukin1 3; IL-6,
Interleukin6; 4-PBA, 4-phenylbutyrate; ALT, Alanine aminotransferase; AST,
Aspartate aminotransferase; MPO, Myeloperoxidase; ELISA, Enzyme-linked
immunosorbent assay; TLR4, Toll-like receptor 4, BMM, Bone marrow-
derived macrophage; PAGE, Polyacrylamide gel electrophoresis; TM,
Tunicamycin

INTRODUCTION

Acute liver failure (ALF), an inflammation-mediated
hepatocellular injury process, is a dramatic clinical syn-
drome that results from hepatocellular apoptosis and hem-
orrhagic necrosis [1]. It frequently results from hepatitis
virus infection, induction of drugs and toxins, or hepatic
ischemia-reperfusion injury. The prognosis of ALF is ex-
tremely ominous, and there is no effective therapy for the
disease other than liver transplantation [2]. Although liver
inflammation is an important determinant in the physiopa-
thology of ALF, its mechanisms are still not well
understood.

Endoplasmic reticulum stress (ER stress) as a result of
accumulation of unfolded or misfolded proteins in the ER
leads to the activation of three ER-localized transmem-
brane protein sensors, including inositol-requiring enzyme
lx (IREl1x), PKR-like ER kinase (PERK), and activating
transcription factor 6 (ATF6), which in turn initiate
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unfolded protein response (UPR) [3, 4]. The chaperone
protein glucose-regulated protein 78 (Grp78) and
glucose-regulated protein 94 (Grp94) are a master regulator
of ER homeostasis which interact with PERK, IRE1«x, and
ATF6, and they are hallmarks for ER stress responses [5—
7]. The transient and low-grade ER stress can be overcome
by the UPR; if the UPR fails to promote cell survival,
persistent and severe ER stress results in cell apoptosis,
the c-jun N-terminal kinase (JNK), C/EBP-homologous
protein (CHOP), and caspase 12 in rodents (caspase 4 in
humans) are recruited to participate in ERS-induced apo-
ptosis [8, 9]. At present, a growing body of evidence
suggests that the signaling pathways in ER stress and
inflammation are interconnected through various mecha-
nisms [10], and impairment of endoplasmic reticulum in
the liver is an early consequence of the systemic inflam-
matory response [11]. Distinctive effects of ER stress on
inflammatory response have been reported; ER stress was
shown to increase logfold LPS-mediated inflammatory
cytokine induction in the macrophage cell [12—15].

Glycogen synthase kinases 3 (GSK3) are a group of
ubiquitously expressed serine/threonine kinases that are
initially found to regulate glycogen synthesis. There are
two highly homologous isoforms, designated as GSK3«
and GSK303, respectively. Among the diverse functions
that are regulated by GSK3{3, inflammation has recently
emerged as one of the major interesting focuses. Studies
showed that GSK3{ is an important positive regulator in
inflammatory process [16]. Additionally, GSK3[3 pro-
motes cell apoptosis caused by the intrinsic apoptotic path-
way, while inhibits the death receptor-mediated extrinsic
apoptotic signaling pathway [17]. Our study has shown
that the activity of GSK3f3 is promoted in the progression
of ALF, and inhibition of GSK3[3 ameliorates ALF model
of mice [18, 19].

Despite the rapid growth of ER stress research in liver
diseases, the exact contribution of the ER stress response to
ALF is still unclear; moreover, the mechanistic focus has
been limited mostly to cell apoptosis [20]. The ultimate
result of ALF is the apoptosis of liver parenchymal cells,
but the full development of injury is critically dependent on
the inflammatory immune response of the liver. Thus, the
questions of whether and how ER stress regulates liver
inflammation are of high interest to further our understand-
ing of the ALF mechanism. The model of hepatic injury
induced by simultaneous injection of D-galactosamine (D-
GalN) and lipopolysaccharide (LPS) has been widely used
to examine the mechanisms of ALF, which is primarily a
model of TNF-induced hepatotoxicity and produces typi-
cal hepatic apoptosis and necrosis [21, 22], though it is
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hardly a specific model for a common human condition
that results in ALF. In the present study, we found that ER
stress was triggered in the progression of ALF model
induced by D-GalN/LPS; inhibition of ER stress by chem-
ical chaperone protected mice from liver injury and signif-
icantly suppressed the inflammation, meanwhile decreased
the activity of GSK3f3. Therefore, we first explored a
pivotal role of ER stress-GSK3[3 pathway in regulating
inflammation in the mechanism of ALF.

MATERIALS AND METHODS

Animal Experiments

Male wild-type (WT; C57BL/6) mice (8—12 weeks of
age) were purchased from the Capital Medical University
(Beijing, China) and housed in the Capital Medical Uni-
versity animal facility under specific pathogen-free condi-
tions and received humane care according to the Capital
Medical University Animal Care Committee guidelines.
The animal protocol had been approved by the Institutional
Animal Care and Use Committee (IACUC) of the Capital
Medical University.

To induce ALF, the mice (except for the control) were
injected intraperitoneally with D-GaIN (700 mg/kg; Sigma,
St Luis, MO) and LPS (10 pg/kg; InvivoGen, San Diego,
CA). 4-Phenylbutyrate (4-PBA; 100 mg/kg, Sigma, St
Luis, MO), which is a chemical chaperone to relieve ER
stress, was suspended in PBS and administered intraperi-
toneally 6 h prior to D-GaIN/LPS exposure. At selected
time points after D-GalN/LPS treatment, mice were anes-
thetized and blood was collected. The liver was harvested
and used immediately to prepare messenger RNA
(mRNA). Both the mRNA and liver tissues were stored
at =75 °C for later analysis.

Serum Aminotransferase Activities and Histopathological
Analysis

Serum samples were taken from the mice at 6 h after
D-GalN/LPS injection. Serum levels of alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST) as markers
of hepatic damage, were measured by using a
multiparametric analyzer (AU5400; Olympus, Japan), ac-
cording to an automated procedure.

Liver tissues were fixed in formalin and embedded in
paraffin wax, and sections in 5 pm were stained with
hematoxylin and eosin (H&E) using a standard protocol
and then analyzed by light microscopy. Histological
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severity of liver injury was graded using Suzuki’s criteria
on a scale from 0 to 4. No necrosis, congestion/
centrilobular ballooning is given a score of 0, whereas
severe congestion/degeneration and >60 % lobular necro-
sis are given a value of 4 [23].

Quantitative Reverse-Transcription Polymerase Chain
Reaction

Total RNA was isolated from hepatic samples using
TRIzol reagent according to manufacturer’s protocol.
Using SuperScript™ III First-Strand Synthesis System
(Invitrogen, Carlsbad, CA), 2.5 ug of RNA was reverse
transcribed into complementary DNA (cDNA). Quantita-
tive RT-PCR was performed using the DNA Engine with
Chromo4 Detector (MJ Research, Waltham, MA). In a
final reaction volume of 25 pl, the following were added:
1x SuperMix (Platinum SYBR Green qPCR Kit;
Invitrogen, Carlsbad, CA), ¢cDNA (2 ul) and
0.5 uM of each primer. Amplification conditions
were as follows: 50 °C (2 min), 95 °C (5 min) followed
by 50 cycles of 95 °C (15 s), 60 °C (30 s). Primers used to
amplify a specific mouse gene fragments were listed in
Table 1.

Western Blot Analysis

Protein was extracted from the liver tissue or cell in
RIPA buffer together with phosphatase and protease inhib-
itors. Proteins in sodium dodecyl sulfate (SDS)-loading
buffer were subjected to SDS-12 % polyacrylamide gel
electrophoresis (PAGE) and transferred to PVDF mem-
brane (Bio-Rad, Hercules, CA). Antibodies against target
proteins pan-IPsR, (Calbiochem, Frankfort, K'Y, USA), p-
GSK33, total GSK33, Grp78, Grp94, cleaved PARP, 3-
actin (Cell Signaling Technology Inc., Santa Cruz, CA),
XBP-1 (Abcam, Cambridge, MA), ATF-6 (Imgenex, San
Diego, CA), p-PERK, and PERK (Santa Cruz Biotechnol-
ogy, Inc., Dallas, Texas) were used for Western blot anal-
ysis. Membranes were probed with primary antibody

(1:500-1000) in 10 ml blocking buffer overnight at 4 °C.
After washing, membranes were further probed with ap-
propriate horseradish peroxidase-conjugated secondary an-
tibody (1:2000) in 10 ml of blocking buffer for 1 h at room
temperature. SuperSignal West Pico Chemiluminescent
Substrates (Thermo Fisher Scientific, Rockford, IL) were
used for chemiluminescence development.

Myeloperoxidase Activity Assay

Presence of myeloperoxidase (MPO) was used as an
index for neutrophil accumulation in the liver. Briefly,
frozen tissue was thawed and weighed, and 100 mg tissue
was placed in 4 ml of iced 0.5 % hexadecyltrimethyl-
ammonium bromide and 50 mM of potassium phosphate
buffer solution with the pH adjusted to 5. Each sample was
then homogenized for 30 s and centrifuged at 15,000 rpm
for 15 min at 4 °C. Supernatants were mixed with hydro-
gen peroxide-sodium acetate and tetramethylbenzidine so-
lutions. The change in absorbance was measured by spec-
trophotometry at 655 nm. This absorbance was then
corrected for the weight of the tissue sample, and results
are expressed as specific enzyme activity.

Determination of Hepatic GSK3f3 Kinase Activity

To determine the GSK3f kinase activity in the liver
tissue, liver homogenates were made in lysis buffer and
analyzed using a colorimetric GSK3{ kinase assay kit
(Jianglaibio Co, Shanghai) according to manufacturer’s
instruction. In the presence of inhibitor GSK3«, peptide
substrates are phosphorylated by GSK3f3, and further
make a catalytic reaction by pyruvate kinase and lactate
dehydrogenase, and measure the ADP formed from a
kinase reaction which is concomitant with the oxidation
reaction of reduced nicotinamide adenine dinucleotide
(NADH). The determination of the peak changes after
oxidation using spectroscopy to analyze activity of GSK3f3
kinase.

Table 1. Sequences of the Primers for qRT-PCR

Target gene Forward primers

Reverse primers

HPRT 5-TCAACGGGGGACATAAAAGT-3 S5-TGCATTGTTTTACCAGTGTCAA-3
TNF-oc 5-GCCTCTTCTCATTCCTGCTTGT-3 5-TTGAGATCCATGCCGTTG-3

IL-13 S-TTGACGGACCCCAAAAGAT-3 5-GATGATCTGAGTGTGAGGGTCTG-3
IL-6 5-GCTACCAAACTGGATATAATCAGGA-3 5-CCAGGTAGCTATGGTACTCCAGAA-3
Grp78 5-AGTGGTGCC TACCAAGAAGTCTCA-3 5-TGTCAGGGGTCTTTCACCTTCATA-3

Grp94 5-ACGTGGTCTGTTTGACGAATATGG-3

5-TACACGGCGCACATAGAGCTTAAT-3
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TUNEL Assay

Apoptosis in liver sections was detected by terminal
deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling (TUNEL; red fluorescence) using the /n Situ Cell
Death Detection Kit (Roche, Indianapolis, IN). Negative
control was prepared through omission of terminal trans-
ferase. Positive controls were generated by treatment with
DNase. Nuclei were stained with 49,6-diamino-2-
phenylindole (DAPI; 1 pg/ml) for 10 min. Images were
performed on a Nikon Eclipse E800 fluorescent
microscope.

Isolation and Treatment of Murine Bone Marrow-
Derived Macrophages

Murine bone marrow-derived macrophages (BMM)
were differentiated from bone marrow from 6- to 10-week-
old C57BL/6 mice by culturing in DMEM containing
10 % fetal bovine serum, 1 % penicillin/
streptomycin, and 20 % L929-conditioned medium
for 6 days. BMMs were stimulated with tunicamycin
(TM; 10 pg/ml, Sigma) or SB216763 (10 uM; Sig-
ma, St Louis, MO) and TM for 6 h, followed by 6 or 24 h
LPS stimulation.

Isolation and Treatment of Primary Mouse
Hepatocytes

The mouse livers were perfused with collagenase-
containing Hanks’ solution at 7 weeks of age, and viable
hepatocytes were isolated by Percoll isodensity centrifuga-
tion as described [24]. To study the effects of ER stress on
hepatocyte apoptosis induced by TNF-oc (20 ng/ml; Sigma,
St Louis, MO) and actinomycin D (ActD; 1 nM, Sigma, St
Louis, MO), TM (20 pg/ml) was added 2 h prior to the
TNF- and ActD treatment. Furthermore, the primary
hepatocytes also stimulated with TNF-a (20 ng/ml)/ActD
(1 nM) in the absence or presence of 4-PBA (1 mM) for
12 h. Cell apoptosis was evaluated at 12 h LDH assays
(BioChain Institute, Hayward, CA) and Western blot for
cleaved caspase-3 expression.

ELISA for Cytokine Measurements

Mouse TNF-« (eBioscience, San Diego, CA) in the
BMM culture supernatants was measured using
ELISA kits from eBioscience based on the manufac-
turer instructions.
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Statistical Analysis

The results are shown as the mean + standard error of
the mean (SEM). Kaplan-Meier curves present mouse
survival rates; the statistical analyses were performed using
an unpaired Student’s 7 test, and p<0.05 (two tailed) was
defined as significant.

RESULTS

ER Stress Is Triggered in the Liver in Progression of ALF

We first determined whether ALF triggers ER stress
in mouse livers followed by various lengths of D-GalN/
LPS stimulation. In treatment of mice with D-GalN/LPS for
2,4, and 6 h, we found that the liver tissue of mice appears
spotty hemorrhage at 2 h; the increased inflammation,
hepatic lobules disorder, a large number of inflammatory
cell infiltration, and visible hepatocyte apoptosis or con-
fluent necrosis are shown at 4 h; there are a lot of visible
large necrosis areas in the liver tissue, the entire liver
congestion at 6 h (Fig. 1a). There are increased ALT and
AST enzyme levels (Fig. 1b). Meanwhile, the levels of
Grp78 and Grp94 were increased as the liver injury
progressed (Fig. lc, d). ER stress leads to the activation
of IRElx, PERK, and ATF6 pathways, which in turn
initiate UPR, so we tested the activation of UPR in the
development of D-GaIN/LPS-induced liver injury. The re-
sults showed that the levels of p-PERK, p50ATF6, and
XBP-1 increased from 2 to 4 h and then restored after 6 h
(Fig. le). Disruption of ER Ca®" homeostasis plays an
important role in the induction of ER stress and calcium,
and ER stress mediates hepatic apoptosis after severe

Fig. 1. ER stress is triggered in the progression of ALF. The mice were p
injected intraperitoneally with D-GalN (700 mg/kg) and LPS (10 pg/kg)
for 2, 4, and 6 h (10 mice/groups); the mice of the control group (n=8)
were injected only PBS and sacrificed at 6 h after PBS injection. a
Representative livers and H&E staining of livers from 2, 4, and 6 h control
groups and group averages of liver Suzuki scores. b Serum AST and ALT
enzyme levels from 2, 4, and 6 h control groups. ¢ Gene expression of
Grp78 and Grp94 was measured by qRT-PCR in livers. Average target
gene/HPRT ratios for each experimental group were plotted. d Protein
expression of Grp78, Grp94, and f3-actin was measured by Western blot in
livers. A representative blot from two samples of every group is shown.
Densitometry analysis of the proteins was performed for each sample. e
Protein expression of p-PERK, PERK, XBP-1, pSOATF6, ATF6, and f3-
actin was measured by Western blot in livers. A representative blot from
two samples of every group is shown. Densitometry analysis of the
proteins was performed for each sample. f Protein expression of pan-
IP;R and (-actin was measured by Western blot in livers. A representative
blot from two samples of every group is shown. Densitometry analysis of
the proteins was performed for each sample.
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injury [25, 26]. There are multiple different plasma-
membrane channels that control Ca®* influx in response
to various stimuli, including inositol 1,4,5-trisphosphate
receptors (IP;Rs). The Western blot results showed that
the expression of pan-IP;R was increased along with the
liver injury progressed (Fig. 1f). Taken together, these
results indicated that ER stress is triggered in the progres-
sion of D-GalN/LPS-induced liver injury.

Inhibition of ER Stress Ameliorates Hepatotoxicity
Induced by d-GalN/LPS

To evaluate the role of ER stress in the pathogenesis
of D-GalN/LPS-induced liver injury, we evaluated whether
relieving ER stress could rescue hepatotoxicity by applying
4-phenylbutyric acid (4-PBA), which is a small chemical
chaperone that has been shown to reduce ER stress both
in vivo and in vitro [27, 28]. In our results, inhibition of ER
stress in vivo by 4-PBA was confirmed by the reduced
levels of Grp78, Grp94, CHOP, and by the increased levels
of XBP-1 (Fig. 2a). In the mortality analysis, compared
with D-GalN/LPS-treated group, 4 -PBA treatment signif-
icantly increased the survival rate from 40 (survival in 6 of
15 mice) to 80 % at 48 h (survival in 12 of 15 mice)
(Fig. 2b). For gross morphology of the liver, 4-PBA-
treated mice almost appeared substantially the normal liver
morphology (Fig. 2¢). With respect to liver damage, there
was a better preserve of the liver architecture, decreased
inflammation, and less necrosis areas (only little spotty
necrosis) after 4-PBA treatment (Fig. 2d), and sALT and
SsAST levels were significantly lower (Fig. 2e). These
results indicated that ER stress is critical for D-GalN/LPS-
induced liver injury and that its inhibition can protect the
liver from injury.

ER Stress Facilitates Cytokine Programs, Neutrophil
Infiltration, and Hepatocyte Apoptosis

LPS can trigger inflammatory cascades involving the
induction of pro-inflammatory cytokines including TNF-
«, IL-13, and IL-6, which are essential for inflammation
and consequent liver damage in D-GalN/LPS-treated mice.
In order to determine the impact of ER stress inhibition on
the induction of these cytokines, we further investigated
the inflammatory cytokine profiles in the liver. Indeed, 4-
PBA treatment decreased the expression of TNF-«, IL-1[3,
IL-6 (Fig. 3a), and the injury-related MPO activity
(Fig. 3b). These results indicated that 4-PBA can suppress
the expression of pro-inflammatory cytokines and reduce
neutrophil infiltration in the liver.
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Fig. 2. ER stress inhibition by 4-PBA protects against D-GaIN/LPS-in- p
duced liver injury. 4-PBA/D-GalN/LPS-treated mice were administered
with 4-PBA (100 mg/kg) via intraperitoneal injection at 6 h prior to D-
GalN/LPS exposure (n=12); D-GalN/LPS-treated mice were pretreated
with vehicle (PBS) at 6 h prior to D-GaIN/LPS exposure (n=12); control
mice were pretreated with vehicle (PBS) at 6 h prior to PBS injection (n=
8). a Protein expression of Grp78, Grp94, XBP-1, CHOP, and (3-actin was
measured by Western blot. A representative blot from two samples of
every group is shown. Densitometry analysis of the proteins was per-
formed for each sample. b The survival rate of mice was measured in
different groups (15 mice/groups). ¢ Representative livers from the differ-
ent groups. d Representative H&E staining of livers from the different
groups (black arrows indicate confluent necrosis; black triangles indicate
spotty necrosis) and group averages of liver Suzuki scores. e Serum AST
and ALT enzyme levels from the different groups.

Because of the critical role of hepatocyte apoptosis in
the mechanism of ALF, the impact of ER stress inhibition
on hepatocyte apoptosis was examined. In animal model,
the cleavage of caspase-3 was markedly increased in D-
GalN/LPS-induced liver failure, and treatment with 4-PBA
significantly inhibited the expression of the cleavage of
caspase-3 and the cleavage of PARP (Fig. 3c). Similar
results were also observed in liver tissue samples by ap-
plying TUNEL assay (Fig. 3d). Therefore, ER stress inhi-
bition is capable of inhibiting hepatocyte apoptosis in
hepatic failure induced by D-GalN/LPS.

Inhibition of ER Stress Decreases GSK3(3 Activity and
Regulates the NF-xkB, MAPK Pathways in the Liver

Previous studies have shown that the GSK3f3 partici-
pates in the regulation of inflammation in macrophages
[16]; the activity of GSK33 is triggered in the progression
which promotes the hepatotoxicity induced by D-GalN/LPS
[18, 19], so we evaluated whether 4-PBA is able to decrease
the activity of GSK3{ in the liver of D-GalN/LPS-treated
mice. Western blot results showed that 4-PBA increased the
phosphorylated GSK3{ (at serine 9) level (Fig. 4a), which
means that the activity of GSK3f3 is decreased; furthermore,
it was also directly confirmed by detecting the activity of
GSK3p in the liver tissues (Fig. 4b). These results indicated
that the activity of GSK3{ is inhibited by 4-PBA in D-GalN/
LPS-induced ALF model.

Nuclear factor-kB (NF-kB) and mitogen-activated
protein kinase (MAPK) are the most important transcription
factors involved in inflammatory pathways [29], and thus,
we assessed the impact of 4-PBA on these two pathways in
the liver. The level of IkB- was decreased at 6 h after D-
GaIN/LPS treatment, and 4-PBA treatment increased the
expression of IkB-a. Moreover, the levels of the phosphor-
ylation of NF-kBp65, ERK, p38, and JNK were increased
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in mice treated by D-GalN/LPS, and they were all inhibited Fig. 3. ER stress inhibition by 4-PBA decreases pro-inflammatory cyto- p»

by 4-PBA (Fig. 4c). These results indicated that ER stress
inhibition protects the liver from inflammatory injury by
regulating the NF-xkB and MAPK pathways.

ER Stress Synergistically Increases Inflammation in
Macrophage Induced by LPS Through GSK3[3
Pathway In Vitro

To investigate the cellular mechanism of our in vivo
findings, we analyzed the effects of ER stress on macro-
phage response to TLR4 stimulation by LPS in vitro. Bone
marrow-derived macrophages (BMM) were stimulated
with LPS in the absence or presence of tunicamycin. Re-
markably, compared with only LPS treatment, the gene
expression of TNF-«, IL-6, and IL-13 was synergistically
increased when the cells were simultaneously induced by
LPS and tunicamycin (Fig. 5a). We also measured TNF-«
expression in cell culture supernatants using ELISA, which
gave results similar to the gene transcription assays for
TNF-o (Fig. 5b). These results further demonstrated that
ER stress synergistically promotes the production of pro-
inflammatory cytokines.

Next, we evaluated whether ER stress regulates
GSK3f activity in macrophages. Western blot results
showed that tunicamycin-induced ER stress promoted
GSK3p activity (dephosphorylation at serine 9) in a
time-dependent and does-dependent manner (Fig. Sc, d).
We also examined whether GSK3{3 was involved in the
regulation of the inflammation induced by tunicamycin
and LPS. Western blot results showed that, compared with
only tunicamycin stimulation, the activity of GSK3[3 was
further upregulated by tunicamycin and LPS (Fig. 5¢).
Moreover, inhibition of GSK33 by SB216763 attenuated
the expression of TNF-«, IL-1f3, and IL-6 induced by
tunicamycin and LPS (Fig. 5a, b).

Next, in vitro, we assessed the impact of tunicamycin
on NF-kB and MAPK pathways in macrophages stimulat-
ed by LPS. In the NF-kB pathway, the level of IkB-x was
decreased at 30 min after LPS stimulation in macrophages,
and tunicamycin cooperated with LPS to significantly re-
duce the level of IkB-«. In contrast, the phosphorylation of
NF-kBp65 increased in tunicamycin/LPS treatment
(Fig. Se). In the MAPK pathway, under LPS signaling,
the phosphorylation of ERK, p38, and JNK increased after
30 min and maintained at a significantly high level for 1 h
and restored at 2 h; they were significantly magnified by
tunicamycin/LPS (Fig. 5e). These results indicated that ER
stress and LPS can interact to regulate the NF-kB and
MAPK pathways.

kine expression, neutrophil infiltration, and hepatocyte apoptosis. 4-PBA/
D-GalN/LPS-treated mice were administered with 4-PBA (100 mg/kg) via
intraperitoneal injection at 6 h prior to D-GalN/LPS exposure (n=12); D-
GalN/LPS-treated mice were pretreated with vehicle (PBS) at 6 h prior to
D-GalN/LPS exposure (n=12); control mice were pretreated with vehicle
(PBS) at 6 h prior to PBS injection (n=8). a Gene expression of TNF-«,
IL-6, and IL-1p at 6 h after b-GalN/LPS injection. Average target
gene/HPRT ratios for each experimental group were plotted. b Liver
MPO levels at 6 h after b-GaIN/LPS injection. ¢ Protein expression of
caspase-3, cleaved caspase-3, and cleaved PARP was measured in the liver
tissue by Western blot. A representative blot from two samples of every
group is shown. Densitometry analysis of the proteins was performed for
each sample. d TUNEL staining (red) liver tissue at 6 h after b-GaIN/LPS
administration. Representative of one experiment is shown. Original mag-
nification x200.

ER Stress Synergistically Promotes TNF-x-induced
Hepatocyte Apoptosis In Vitro

Given the central role of TNF-« in the mechanisms of
ALF [30, 31], we investigated the impact of ER stress on
TNF-a-induced hepatocyte apoptosis. Preincubation of
Hepa 1 cells with tunicamycin significantly increased cell
apoptosis in response to TNF-o/ActD. There was a signif-
icant increase in LDH activity in the culture supernatant of
hepatocytes pretreated with tunicamycin after incubation
with TNF-a/ActD (Fig. 6a). Western blot analysis showed
that tunicamycin additionally promoted the cleavage of
caspase-3 upon TNF-a/ActD challenge compared with
tunicamycin or TNF-o/ActD treatment (Fig. 6b). More-
over, we further investigated the impact of ER stress inhi-
bition on TNF-x-induced hepatocyte apoptosis.
Preincubation of primary hepatocytes with 4-PBA signifi-
cantly decreased cell apoptosis in response to TNF-o/
ActD. There was a significant decrease in LDH activity
in the culture supernatant of hepatocytes pretreated with 4-
PBA after incubation with TNF-o/ActD (Fig. 6¢). Western
blot analysis showed that 4-PBA downregulated the level
of the cleavage of caspase-3, Grp78, and CHOP and de-
creased the activity of GSK33 upon TNF-o/ActD chal-
lenge (Fig. 6d). Therefore, these results indicated that ER
stress may sensitize hepatocytes to TNF-o-induced cell
apoptosis by mediating the activity of GSK33.

DISCUSSION

Our current study first demonstrated that ER stress
plays a critical role in the mechanism of ALF induced by D-
GaIN/LPS. Furthermore, we showed that ER stress is re-
quired for the development of hepatocellular damage
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through synergistic promotion of local pro-inflammatory
responses. Importantly, the present study highlights a novel
role of GSK3f in modulating the ER stress to regulate the
inflammatory mechanism in ALF. Therefore, our findings
suggest that ER stress exacerbates liver inflammation and
hepatotoxicity induced by D-GalN/LPS via activating
GSK38.

ALF is associated with various inflammatory cells,
including Kupffer cells (macrophage in the liver), neutro-
phils, and monocytes, which are recruited and activated in
the stressed liver [32, 33]. Kupffer cell not only contributes
to the early phase of the disease but also results in sustained
inflammation [34, 35]. Moreover, inflammatory immune-
mediated liver injury is a consequence of the recruitment of
effector leukocytes to the liver where they mediate tissue
damage; leukocyte migration from the vascular lumen into
the surrounding extravascular tissue makes a significant
contribution to liver injury in ALF [36, 37]. Our study
showed evidences that ER stress promotes the inflamma-
tory response to aggravate liver damage in ALF. In vivo,
ER stress inhibition significantly suppressed liver inflam-
mation; in vitro, ER stress sensitized macrophages to LPS,
triggering a hundredfold increase in pro-inflammatory cy-
tokine expression. We also showed that ER stress signifi-
cantly enhanced the LPS-mediated activation of MAPK
and NF-kB in macrophages, which fully illustrated the
molecular mechanism about how ER stress synergistically
promotes inflammatory response. Moreover, ER stress sig-
nificantly increased expression of TNF-« in vivo and
in vitro, and ER stress synergistically promoted the hepa-
tocyte apoptosis induced by TNF-x. Therefore, we con-
cluded that, on the one hand, the sustained presence of ER
stress results in abundant expression of inflammatory cy-
tokines in the liver, further promoting the infiltration of
neutrophils into the liver and aggravating the liver inflam-
mation; on the other hand, ER stress cooperates with TNF-
« to synergistically promote hepatocyte apoptosis, which
eventually leads to further trigger aggravation of liver
injury. Therefore, ER stress appears to play the role of a
catalyst to amplify the inflammatory response and promote
hepatocyte apoptosis in ALF.

Originally identified in mammals as a cytoplasmic
modulator of glycogen metabolism, GSK3 {3 is now recog-
nized as a central regulator of cellular events, including cell
fate determination, microtubule function, cell cycle regu-
lation, apoptosis, and inflammatory responses [38—42].
Recently, GSK3{ plays an important role in the inflamma-
tion. Martin et al. firstly demonstrated that toll-like
receptor-mediated cytokine production is differentially reg-
ulated by GSK3(3: GSK3f regulates a multitude of

transcription factors, including NF-kB, AP-1, NF-AT, and
CREB:; inhibiting GSK3 3 allows CREB to sequester CBP
from NF-kB, promoting CREB-dependent IL-10 produc-
tion and suppressing NF-kB-dependent inflammatory cy-
tokine expression [16]. Next to that, Wang et al. further
tested that IFN-3 production by TLR4-stimulated innate
immune cells is negatively regulated by GSK3{ [43]. So,
GSK3 is an important positive regulator in inflammatory
process. Furthermore, accumulating evidences has sug-
gested that GSK3[3 participates in the ER stress-induced
signaling pathway and is involved in ER stress-induced
apoptosis [44—46], and our previous study has shown that
the increased activity of GSK33 promotes acute liver
injury and GSK3f3 inhibition relieves ER stress in ALF
mice induced by D-GalN/LPS [18]. Here, our results di-
rectly proved that ER stress promotes GSK3[3 activity in
the progression of ALF in vivo and in the primary macro-
phage in vitro; furthermore, inhibition of GSK3{ signifi-
cantly attenuates the expression of pro-inflammatory cyto-
kines triggered by ER stress/LPS in macrophage. Thus, we
can conclude that, in the progression of ALF, D-GalIN/LPS
treatment triggers ER stress which can increase the activity
of GSK3f and promote the expression of pro-
inflammatory cytokines and incremental neutrophil infil-
tration in the liver; these events ultimately induce liver
inflammation, further leading to induce hepatocyte apopto-
sis and accelerate the development of ALF (as depicted in
Fig 6e).

Our prior work demonstrated that the activity of
GSK3p is increased and promotes the hepatotoxicity in
ALF induced by D-GalN/LPS [18], but Hoeflich et al.
showed that GSK3[3 protects hepatocytes from TNF-o¢
induced-apoptotic cell death in mid gestation [39]. How
then would that activity be reconciled with the proposed
pro-apoptotic role of GSK3f3 in ALF model? As we know,
GSK3§, constitutively active (in dephosphorylated form)
in resting cells, has a broad range of substrates regulating
cell activation, differentiation, and survival. In the paper of
Hoeflich, compared to normal mice, the GSK3f3 activity is
depressed by disruption of the murine GSK3f3 gene or
lithium treatment on the basis of resting cells, which made
the fibroblasts from GSK3{3-deficient embryos hypersen-
sitive to TNF-«, so GSK3[3 protects hepatocytes from
TNF-a-induced apoptotic cell death. In our paper [18],
compared to normal mice, D-GaIN/LPS increased the
GSK3{ activity during ALF, so inhibition of GSK3§
ameliorates liver injury. So, we speculated that the GSK33
activity of resting cells is a balance adjustment points;
above or below the constitutive activity of resting cells,
GSK3f might play differential roles. The study of Peiyong
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et al. showed the differential roles of GSK3f3 during myo-
cardial ischemia and ischemia/reperfusion by mediating
autophagy [47]. Autophagy is a protective mechanism
against injury, and our study also showed that autophagy
can regulate the inflammatory response to protect the liver
from injury in D-GalN/LPS-induced ALF [48]. Taken to-
gether, we proposed the hypothesis that below the consti-
tutive activity of resting cells, GSK3{3 can increase autoph-
agy to protect hepatocytes from apoptotic cell death; oth-
erwise, above the constitutive activity of resting cells,
GSK3f can decrease autophagy to promote apoptotic cell
death. At present, this hypothesis is under exploration.

In summary, ER stress plays a key role in the inflam-
matory immune modulatory mechanism of ALF, especially
through the regulation of GSK3f3. ER stress inhibition
represents a potent strategy to ameliorate the liver pathol-
ogy of ALF through immunomodulation to reduce local
inflammation. Further preclinical studies with ER stress
inhibitors are warranted for the development of a clinically
applicable therapeutic strategy against ALF.
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