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Necrostatin-1 Protects Against D-Galactosamine
and Lipopolysaccharide-Induced Hepatic Injury by Preventing
TLR4 and RAGE Signaling

Seok-Joo Kim1 and Sun-Mee Lee1,2

Abstract— Fulminant hepatic failure (FHF) is a life-threatening clinical syndrome results
in massive inflammation and hepatocyte death. Necroptosis is a regulated form of necrotic
cell death that is emerging as a crucial control point for inflammatory diseases. The kinases
receptor interacting protein (RIP) 1 and RIP3 are known as key modulators of necroptosis. In
this study, we investigated the impact of necroptosis in the pathogenesis of FHF and
molecular mechanisms, particularly its linkage to damage-associated molecular pattern
(DAMP)-mediated pattern recognition receptor (PRR) signaling pathways. Male C57BL/6
mice were given an intraperitoneal injection of necrostatin-1 (Nec-1, RIP1 inhibitor; 1.8 mg/
kg; dissolved in 2% dimethyl sulfoxide in phosphate-buffered saline) 1 h before receiving D-
galactosamine (GalN; 800 mg/kg)/lipopolysaccharide (LPS; 40 μg/kg). Hepatic RIP1, RIP3
protein expression, their phosphorylation, and RIP1/RIP3 complex formation upregulated in
the GalN/LPS group were attenuated by Nec-1. Nec-1 markedly reduced the increases in
mortality and serum alanine aminotransferase activity induced by GalN/LPS. Increased
serum high mobility group box 1 (HMGB1) and interleukin (IL)-33 release, HMGB1-toll-
like receptor 4 and HMGB1-receptor for advanced glycation end products (RAGE) interac-
tion, and nuclear protein expressions of NF-κB and early growth response protein-1 (egr-1)
were attenuated by Nec-1. Our finding suggests that necroptosis is responsible for GalN/LPS-
induced liver injury through DAMP-activated PRR signaling.
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INTRODUCTION

Fulminant hepatic failure (FHF) is a dramatic clinical
syndrome that results from massive hepatocyte death. FHF
has a variety of causes, such as hepatitis virus infection,
toxic insult, autoimmunity, liver transplantation, drugs, or
ischemia/reperfusion (I/R) and there is no effective therapy
for disease clinically other than liver transplantation [1]. A

model of D-galactosamine (GalN)/lipopolysaccharide
(LPS)-induced acute liver failure is widely used to explore
the mechanism of FHF, as it demonstrates an
inflammation-mediated hepatocellular injury process,
resulting from hepatocellular necrosis and apoptosis. Al-
though the nature of FHF has been extensively studied, the
molecular pathways by which hepatocellular damage oc-
curs are not fully understood.

Recently, a novel mechanism called Bprogrammed
necrosis^ or necroptosis has been suggested as impor-
tant mediator of cell death. Necroptosis incorporates
features of apoptosis and necrosis. Necroptosis shares
upstream molecular machinery with apoptosis, and the
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final outcome of necroptosis is cellular leakage as a
result of organelle and cellular swelling, which is mor-
phological characteristics of necrosis [2]. Necroptosis
is typically initiated via death receptors, such as Fas or
tumor necrosis factor (TNF) receptors. Receptor
interacting proteins (RIPs) are essential for necroptosis
execution; for pronecrotic complex formation, the ki-
nase activities of RIP1 and RIP3 are essential and are
tightly regulated within the necrosome, a key transduc-
er of necroptotic signal [3]. The discovery of
necrostatin-1 (Nec-1) as RIP1-specific kinase inhibitor
enabled selective inhibition of necroptosis and investi-
gation of its contribution to pathophysiological condi-
tions [4]. Nec-1 showed a significant protection against
excitotoxicity in primary rat cortical culture and in a
mouse hippocampal cell, as well as myocardial I/R
model, suggesting a mechanistic involvement of RIP1
kinase in various inflammatory diseases [5–7]. Recent-
ly, several studies reported the evidence of protective
effects achieved through inhibition of necroptosis or
treatment necrostatins in liver-related disease condi-
tions, particularly in concanavalin A (Con A)-induced
hepatitis [8–11]. Furthermore, Nec-1 treatment or ge-
netic ablation of RIP3 reduced hepatocellular damage
against acetaminophen intoxication [12, 13], but their
molecular pathogenesis in liver inflammation remains
unclear in GalN/LPS-induced liver failure.

Necroptosis leads to rapid plasma membrane perme-
abilization and to the release of cell contents and exposure
of damage-associated molecular patterns (DAMPs). Stud-
ies performed on tubular epithelial cells and the kidney
allograft animals showed increased high mobility group
box 1 (HMGB1) releases, which were attenuated in genetic
deletion of RIP3 [14]. Moreover, RIP3 promoted a retinal
inflammatory response by releasing HMGB1 after
poly(I:C) injection [15]. RIP1 and RIP3 have key roles in
controlling the outcome of death receptor signaling path-
ways, but they also have important roles in pattern recog-
nition receptors (PRRs) pathways. Stimulation of Toll-like
receptor 4 (TLR4) by LPS in combination with caspase
inhibitor leads to RIP3-mediated necroptosis in murine
macrophages [16]. Necroptotic DAMPs can contribute to
sensitization of necroptosis in neighboring cells via induc-
tion of PRRs [17]. Necroptotic DAMPs have associated
with inflammatory diseases; however, the precise mecha-
nisms and role of DAMPs in immune responses remain
unknown. This study investigated the molecular mecha-
nisms behind necroptosis activation and signaling path-
ways associated with GalN/LPS-induced hepatic
inflammation.

MATERIALS AND METHODS

Animals and Drug Treatment

Male C57BL/6 mice (20–22 g) were fasted overnight
but were given access to water ad libitum. All animal
experiments were approved by the Animal Care Commit-
tee of Sungkyunkwan University School of Pharmacy
(SUSP14-05) and performed in accordance with the guide-
lines of National Institutes of Health (NIH publication
No.86-23, revised 1985). All animals (except for normal
controls) were injected intraperitoneally with GalN
(800 mg/kg; Sigma-Aldrich, USA) and LPS (40 μg/kg
Escherichia coli O26: B6; Sigma-Aldrich) dissolved in
phosphate-buffered saline. Nec-1 (Millipore, USA) was
dissolved in 2% dimethyl sulfoxide in phosphate-buffered
saline. Mice were treated intraperitoneally with Nec-1 at
1 h before GalN/LPS challenge. The dose and the injection
time of Nec-1 treatment were selected according to previ-
ous reports and our preliminary study [9]. Mice were
randomly divided into four groups: (a) vehicle-treated con-
trol, (b) Nec-1-treated control, (c) vehicle-treated
GalN/LPS, and (d) Nec-1 1.8 mg/kg-treated GalN/LPS.

Determination of Lethality

Animals were monitored until they met criteria for
euthanasia or 24 h following GalN/LPS challenge. The
numbers of dead mice were counted at 6, 8, 10, 12, 18,
and 24 h after GalN/LPS injection.

Serum Alanine Aminotransferase (ALT) Activity and
HMGB1, IL-33 Levels

The blood sample was collected and then ALT activ-
ity was determined by standard spectrophotometric proce-
dures using Chemi-Lab ALT assay kits (IVD Lab, Repub-
lic of Korea). The serum cytokine levels were quantified
with an enzyme-linked immunosorbent assay (ELISA)
with a commercial mouse HMGB1 (Chondrex, USA)
and IL-33 (eBioscience, USA) ELISA kit according to
the manufacturer’s instruction.

Histological Analysis

Liver tissue was removed from a portion of the left
lobe, fixed immediately in 10% neutral-buffered formalin,
embedded in paraffin, and serially cut into 5-μm-thick
sections. The hematoxylin and eosin-stained sections were
evaluated using an optical microscope (Olympus Optical,
Tokyo, Japan). The histological changes were evaluated at
×200 magnification by a point-counting method for
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severity of hepatic injury using an ordinal scale. The
stained sections were graded as follows: grade 0, minimal
or no evidence of injury; grade 1, mild injury with cyto-
plasmic vacuolation and focal nuclear pyknosis; grade 2,
moderate to severe injury with extensive nuclear pyknosis,
cytoplasmic hypereosinophilia, and loss of intercellular
borders; and grade 3, severe necrosis with disintegration
of hepatic cords, hemorrhage, and neutrophil infiltration.

Total RNA Isolation and Quantitative Real-Time RT-
PCR Analysis

For mRNA analysis, total RNA was first extracted
from the liver tissue of different treatment groups using
RNAiso Plus (Takara, Japan). cDNA was synthesized
using a reverse transcription reaction (EcoDry™ cDNA
Synthesis Premix, Takara). The cDNAwas amplified using
real-time PCR with a thermocycler (Lightcycler® Nano,
Roche Applied Science, Germany) and SYBR Green
detection system. The gene-specific primers used for am-
plification of cDNA are as follows. RIP1: 5 ′-
GAAGACAGACCTAGACAGCGG -3′ (sense), 5′-
CAGTAGCTTCACCACTCGAC -3′ (antisense), RIP3:
5′- CAGTGGGACTTCGTGTCCG -3′ (sense), 5′-
AAGCTGTGTAGGTAGCACATC -3′ (antisense), β-ac-
tin: 5′- TGGAATCCTGTGGCATCCAT -3′ (sense), and
5′- TAAAACGCAGCTCAGTAACA -3′ (antisense). The
mRNA expression levels of genes were normalized to the
expression level of the β-actin and relative to the average
of all delta Ct-values in each sample using the cycle thresh-
old (Ct) method.

Preparation of Protein Extracts and Western Blot
Immunoassay

Fresh liver tissue was isolated and homogenized in
PRO-PREP® (Intron, Republic of Korea) for whole protein
samples and in NE-PER® (Thermo-Fisher, USA) for ex-
traction of cytosolic protein samples. Proteins (20 μg) were
loaded onto 10% polyacrylamide gels for electrophoresis,
then transferred to nitrocellulose membranes. Bands were
detected immunologically using polyclonal antibodies
against mouse RIP1 (1:5000), phospho-RIP1 (1:5000;
BD Biosciences, USA), RIP3 (1:5000), phospho-RIP3
(1:5000; Santa Cruz, USA), phosphoserine (1:2500),
phospho-MLKL (p-MLKL, 1:4000; Santa Cruz), HMGB1
(1:4000; Abcam, USA), TLR2, TLR4, TLR9 (1:4000;
Santa Cruz), RAGE (1:2500; Abcam), NF-κB, early
growth response protein 1 (egr-1), and chemokine (C-X-
C motif) ligand 2 (CXCL2; 1:4000; Abcam). Monoclonal
antibody against mouse β-actin (Sigma-Aldrich) was used

as a loading control. The binding of all antibodies was
detected using an ECL detection system and analyzed
using a densitometric analysis software.

Co-immunoprecipitation and Immunoblotting

Whole cell lysates were incubated overnight with
mouse anti-RIP1 antibody (1:100; BD Biosciences), anti-
RIP3 antibody (1:100; Santa Cruz), anti-TLR4 antibody
(1:100; Santa Cruz), anti-RAGE antibody (1:100; Abcam),
and anti-HMGB1 antibody (1:100; Abcam). The immune
complexes were then precipitated via incubation with pro-
tein A/G-agarose beads (Santa Cruz) for 6 h followed by
extensive washing with a radioimmunoprecipitation assay
buffer. Immunoprecipitated proteins were eluted with 2×
sodium dodecyl sulfate (SDS) loading buffer, separated
using SDS gels, and transferred onto a nitrocellulose mem-
brane where the immunoblot was processed.

Immunohistochemistry (IHC) Staining

Hepatic tissue samples were re-fixated in 10% NBF
and then embedded in paraffin, sectioned (4 μm), and
stained with ABC-based IHC methods for an apoptotic
marker, cleaved caspase-3. The changes of cleaved
caspase-3 immunoreactive cells on the liver section were
observed using purified primary antibody (anti-cleaved
caspase-3 antibody; Cell Signaling Technology Inc., Bev-
erly, USA; 1:400) with ABC and peroxidase substrate kit
(Vector Labs, Burlingame, CA, USA). Briefly, endogenous
peroxidase activity was blocked by incubated in methanol
and 0.3% H2O2 for 30 min, and non-specific binding of
immunoglobulin was blocked with normal horse serum
blocking solution for 1 h in humidity chamber after heating
(95–100 °C)-based epitope retrievals in 10 mM citrate
buffers (pH 6.0). Primary antisera were treated for over-
night at 4 °C in humidity chamber and then incubated with
biotinylated universal secondary antibody and ABC re-
agents for 1 h at room temperature in humidity chamber.
Finally, sections were reacted with peroxidase substrate kit
for 3 min at room temperature. All sections were rinsed in
0.01 M PBS for three times, between each step. The cells
occupied by over 20% of immunoreactivities, the density,
of cleaved caspase-3 as compared to background, were
regarded as positive in this study, and the numbers of
cleaved caspase-3 immunolabeled cells located in frame
of viewwere calculated using a computer-based automated
image analyzer (iSolutionFL 9.1, IMT i-solution Inc., Van-
couver, Canada) under a light microscope (Model Eclipse
80i, Nikon, Tokyo, Japan), among total 1000 hepatocytes
(cells/1000 hepatocytes).
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Statistical Analysis

Results are expressed as mean ± S.E.M. Survival data
were analyzed with Kaplan-Meier curves and the log-rank
test. All other data were analyzed by two-way analysis of
variance (ANOVA). The differences between groups were
considered significant at the P < 0.05 level after the appro-
priate Bonferroni correction was performed for multiple
comparisons.

RESULTS

GalN/LPS Induces Necroptosis

Hepatic RIP1 and RIP3 mRNA and protein expres-
sions increased 1 h after GalN/LPS injection and remained
increased at 3, 6, 12, and 24 h of GalN/LPS challenge, but
increase of RIP1 and RIP3 expressions were attenuated by
Nec-1 treatment at both 3 and 6 h after GalN/LPS injection
(data not shown). To examine whether expressed RIP1 and
RIP3 interact and form necrosome after GalN/LPS injec-
tion, co-immunoprecipitation was conducted. Further-
more, the phosphorylation of RIP1 and RIP3 is an essential
process resulting in stable assembly of pronecrotic RIP1-
RIP3 complex, and thus, phosphoserine contents were
measured. The phosphoserine content and RIP3 protein
immunoprecipitated with RIP1-specific antibody was sig-
nificantly increased 3 h after GalN/LPS injection (2.2- and
4.4-fold vs. control, respectively; Fig. 1a). After 3 h of
GalN/LPS injection, the phosphoserine content and RIP1
protein immunoprecipitated with RIP3-specific antibody
were significantly increased (1.8- and 2.4-fold vs. control,
respectively; Fig. 1a). These changes are attenuated in
animals received Nec-1. As shown in Fig. 1b, hepatic p-
MLKL level was increased after 3 h of GalN/LPS injec-
tion, but attenuated by Nec-1 pretreatment. After 3 h of
GalN/LPS injection, cleaved caspase-3 immunoreactive
hepatocyte numbers were significantly increased, but
Nec-1 pretreatment attenuated these increases (Fig. 1c).

Nec-1 Attenuated GalN/LPS-Induced Lethality and
Hepatocellular Damage

By pretreatment with Nec-1, we first aimed to define
the role of RIP1 inhibition on GalN/LPS-induced FHF in
animals. In the GalN/LPS group, mice began to die 6 h
after GalN/LPS injection. The survival rate was 50% at 6 h
and reached 10% 12 h after D-GalN/LPS injection. How-
ever, treatment with Nec-1 reduced the mortality signifi-
cantly (p = 0.0052; Fig. 2a). The serum level of ALT, a

marker of hepatocellular injury, was 39.2 ± 6.2 U/L in the
control group. After 3 h of GalN/LPS injection, ALT level
significantly increased to 306.2 ± 96.0 U/L, and this in-
crease was attenuated by Nec-1 (Fig. 2b). The histological
features shown in Fig. 2c indicate a normal liver lobular
architecture and cell structure in the livers of control ani-
mals. Three hours after GalN/LPS, marked histopathologic
changes occurred in the liver (inflammatory cell infiltra-
tion, portal inflammation, and hepatocellular necrosis).
These were ameliorated in animals that received Nec-1.

GalN/LPS-Induced Serum Releases of DAMPs Are
Ameliorated by Nec-1 Administration

After GalN/LPS challenge, we observed severe hepa-
tocellular death at 3 h. We utilized ELISA to assess endog-
enous DAMPs released after cell death. In control animals,
serum levels of HMGB1 and IL-33 were low. Serum
HMGB1 and IL-33 levels increased significantly to
7.4 ± 0.7 ng/ml and 43.1 ± 10.1 pg/ml at 3 h after GalN/
LPS treatment, and 9.7 ± 1.1 and 32.9 ± 7.1 pg/ml at 6 h
after GalN/LPS treatment, respectively. Nec-1 attenuated
these increases (Fig. 3).

Nec-1 Attenuated Hepatic Protein Expression of TLR4
and RAGE, But Did Not Affect TLR2 and TLR9

Since TLRs and RAGE are PRRs that recognize
DAMPs, we investigated the effect of Nec-1 pretreatment
on PRR expression after GalN/LPS challenge. Hepatic
TLR2, TLR4, TLR9, and RAGE protein expressions after
3 h of GalN/LPS injection are shown in Fig. 3. The level of
hepatic TLR2, TLR4, TLR9, and RAGE protein expres-
sions were significantly increased at 3 h after GalN/LPS
injection (TLR2; 3.1-fold, TLR4; 4.2-fold, TLR9; 2.0-fold,
RAGE; 2.6-fold vs. control, respectively). Nec-1 attenuat-
ed the increase of hepatic TLR4 and RAGE protein ex-
pression, while it did not affect the hepatic TLR2 and
TLR9 protein expression.

GalN/LPS-Induced Interaction of HMGB1 on PRR Is
Attenuated After Nec-1 Pretreatment

In addition to hepatic TLR4 and RAGE expression,
the interaction between HMGB1 and PRRs is responsible
for amplifying the inflammatory response in the liver dur-
ing FHF. Therefore, in HMGB1 with TLR4 and RAGE,
co-immunoprecipitations were conducted in whole liver
tissues. Three hours after GalN/LPS challenge, there was
a significant increase in TLR4 and RAGE contents in the
complexes immunoprecipitated with HMGB1-specific
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antibody. Furthermore, HMGB1 contents in the complexes
immunoprecipitated with TLR4 and RAGE-specific anti-
body were increased at 3 h after GalN/LPS injection.
However, pretreatment of Nec-1 attenuated these changes
(Fig. 4).

GalN/LPS-Induced Inflammatory Transcription
Factor Activation and CXCL2 Production Were
Attenuated by Nec-1 Treatment

The key inflammatory transcription factor NF-κB and
egr-1 are responsible for expression of various genes cru-
cial in the development of acute inflammation. To deter-
mine whether stimulation of PRR signals initiated inflam-
matory response, the protein levels of the transcription
factors in the nuclear extracts from liver tissues have been
assessed. At 3 h after GalN/LPS injection, nuclear NF-κB
p65 and egr-1 protein markedly increased by 1.8- and 2.1-

fold of the control, respectively. Nec-1 attenuated these
increases. We assessed the production of CXCL2, which
is central downstream gene of egr-1 upregulation and
drives chemotaxis of neutrophils after sterile liver injury
[18]. Hepatic CXCL2 expression upregulated by 3.1-fold
vs. control after 3 h after GalN/LPS treatment, and Nec-1
treatment attenuated these increases (Fig. 5).

DISCUSSION

Necroptotic cell death has role in the host response to
viral and bacterial infection [19], as well as the pathogen-
esis of TNF-induced sterile septic shock [20]. There is a
direct association between cell death and progression of
FHF; however, differential contribution of specific cell
death pathways to hepatocyte injury during FHF is still

Fig. 1. Nec-1 attenuates hepatic GalN/LPS-induced necroptosis. a RIP1-RIP3 necrosome formation and RIP1 and RIP3 phosphorylation. b Hepatic p-
MLKL protein level was measured. c Immunohistochemistry of mouse liver against GalN/LPS injection. Cleaved caspase-3 was stained and immunolabeled
hepatocytes are quantified. The cells occupied by over 20% of immunoreactivities, the density, against cleaved caspase-3 as compared to background were
regarded as positive, and the numbers of cleaved caspase-3 immunolabeled cells on liver section were calculated by a computer-based automated digital
image analyzer among total 1000 hepatocytes under a light microscope as blinds to group distribution when this analysis was made. Scale bars = 100 μm.CV
central vein.Micewere treated intraperitoneally with Nec-1 (1.8 mg/kg) or vehicle (2%DMSO in phosphate-buffered saline) at 1 h before GalN (800 mg/kg)/
LPS (40 μg/kg) challenge. The results are presented as mean ± S.E.M. of 8 to 10 animals per group. The asterisks denote significant differences (*P < 0.05,
**P < 0.01) versus the control group. The dagger signs denote significant differences (†P < 0.05, ††P < 0.01) versus the GalN/LPS group.
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not understood. When apoptosis is prevented by pharma-
cological intervention, GalN/LPS-induced liver injury still
progresses in mouse models [21]. These data suggest that
nonapoptotic cell death pathways are critical for hepatocyte
death following GalN/LPS administration.

Many studies have proved that necroptosis is a highly
regulated form of cell death pathway involved in the intra-
cellular assembly of necrosome [22]. This process is trig-
gered by a number of different receptors such as TNF
receptor, TLR, or T cell receptor. In detail, in response to
upstream signal, RIP1 is activated, and its phosphorylation
and oligomerization lead to the functional interplay between
RIP1 and RIP3. RIP3 activation results in the

phosphorylation and oligomerization of MLKL, which is
considered as a possible terminal necroptotic effector by
triggering the disruption of cellular membranes to cause cell
lysis [23, 24]. In the present study, GalN/LPS induced RIP1
and RIP3, central molecules of the necroptotic pathway.
Furthermore, we observed a significant increase in RIP1,
RIP3, RIP phosphorylation, and association between RIP1
and RIP3 after GalN/LPS injection. We detected increase in
p-MLKL after GalN/LPS challenge, which is in accordance
with previously published report of non-alcoholic fatty liver
disease [25]. Treatment with a RIP1 kinase inhibitor, Nec-1,
blocked RIP phosphorylation and formation of RIP1-RIP3
complex. Concomitantly, Nec-1 improved increased

Fig. 2. Nec-1 attenuates GalN/LPS-induced mortality and liver injury. aMice were given intrapenitoneal Nec-1 (1.8 mg/kg) or vehicle (2% DMSO) before
1 h of GalN (800 mg/kg)/LPS (40 μg/kg) injection. Mice were monitored for 24 h for survival. The results of treatment groups were compared with those of
the vehicle (2% DMSO)-treated GalN/LPS group. N = 10 per group. b Serum ALT levels are presented as mean ± S.E.M. of 8 to 10 animals per group. c
Histological micrographs of liver tissues stained with hematoxylin and eosin are shown (magnification ×200). The results are presented asmean ± S.E.M. of 8
to 10 animals per group. The asterisk denotes significant differences (**P < 0.01) versus the control group. The dagger signs denote significant differences
(†P < 0.05, ††P < 0.01) versus the GalN/LPS group.
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lethality after GalN/LPS injection and attenuated the in-
crease of serum levels and hepatocellular damages evi-
denced by histological observations. These results indicate
that RIP1/3-driven necroptosis is responsible for hepatocel-
lular injury induced by GalN/LPS, and these alterations are
attenuated by pharmacological inhibition of RIP1.

However, it should be noted that necroptosis is not the
only cell death involved in GalN/LPS injury. Previous
studies showed that LPS-induced cell death in GalN-
sensitized mice is driven by TNF-α [26, 27] and transduces
predominantly apoptosis signals though TNF/TNF recep-
tors [28]. Moreover, depletion or knock out of RIP1 has
been shown to lead to enhance sensitization to TNF-
induced apoptosis [29, 30]. However, in our study, Nec-1
attenuated cleavage of caspase-3, which is a marker of
hepatocellular apoptosis after GalN/LPS injection. Our
findings demonstrated that Nec-1 attenuates RIP1 activa-
tion, and furthermore, if we attenuate this phosphorylation,
hepatocyte apoptosis may also be attenuated.

Filliol et al. demonstrated that RIP1 expressed on
hepatocytes maintain liver homeostasis and protect against
caspase-3-dependent cell death induced by TNF-α release
by the Kupffer cells [31, 32]. Furthermore, RIP1 knockout
exacerbates immune-mediated liver injury through apopto-
tic pathway [30, 33]. These suggest that RIP1 may serve a
divergent role in different cell types and play a key role
essential adapter in innate immune signal transduction
pathways and in homeostatic maintenance of hepatic
function/cell survival. Altogether, these findings imply that
RIPs may function at the cross-roads of cell survival and
death, which are dependent to their expression level and/or
modified states. Thus, several additional points of evidence
will require further advancement of our understanding of
control mediation and execution of these processes in FHF.

Most studies on DAMPs have been devoted to
DAMPs that are released during accidental cell death and
by secondary necrotic cells following apoptosis. Relative-
ly, few studies have investigated whether necroptosis is
accompanied by release of a distinct set of DAMPs and the
roles of these DAMPs in necroptosis-induced inflamma-
tion. Among them, HMGB1, calreticulin, heat shock pro-
teins, and IL-1α are most relevant to date. HMGB1 is
released actively from immune cells after acetylation and
passively from dead/damaged cells induced by trauma or
infection [34, 35]. RIP3-mediated necroptosis promotes
the extracellular release of HMGB1 during heart and kid-
ney I/R injury [14, 36], and released HMGB1 after red
blood cell transfusion enhances susceptibility to lung in-
flammation and subsequent endothelial cell necroptosis
[37]. IL-33, a member of IL-1 family, is proposed to be
released in the functional/active form during necrotic cell
death as an alarmin while it is inactivated during apoptotic
cell death by caspases [38]. Rickard et al. reported that
deletion of RIP3 prevented extracellular release of IL-33
and reduced MyD88-dependent inflammation [39]. IL-33
is expressed in hepatocytes and is regulated by natural
killer T cells during Con A-induced acute liver injury,
and this suggests the importance of IL-33 in the massive
inflammation during FHF [40]. In liver, Nec-1 treatment
attenuated hepatic IL-33 expression against Con A intox-
ication and protects liver inflammation and subsequent
injury [41]. We indeed observed that serum release of
HMGB1 and IL-33 significantly increased after GalN/
LPS injection and was attenuated by Nec-1 treatment.
These results suggest that prevention of necroptosis after
Nec-1 administration alleviated inflammatory responses,
which can be triggered by DAMPs released after cell
death.

Fig. 3. Nec-1 attenuates GalN/LPS-induced increases in serum HMGB1 and IL-33 releases. Mice were given intrapenitoneal Nec-1 (1.8 mg/kg) or vehicle
(2%DMSO) before 1 h of GalN (800mg/kg)/LPS (40μg/kg) injection. Serum samples were obtained 3 h after GalN/LPS injection. The results are presented
as mean ± S.E.M. of 8 to 10 animals per group. The asterisks denote significant differences (*P < 0.05, **P < 0.01) from the control group. The dagger signs
denote significant differences (†P < 0.05, ††P < 0.01) from the GalN/LPS group.
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Accumulating evidence strongly suggest that in vivo
necroptosis is associated with an inflammatory reaction in
various experimental models of inflammatory diseases [25,
42]. However, there is only limited knowledge of the
molecular mechanisms involved and the role of the proin-
flammatory DAMPs emitted during necroptosis. Previous
studies showed that stimulation of TLR3 or TLR4 triggers
the recruitment of TRIF, whose RIP homotypic interaction
motif (RHIM) subsequently interacts with the RHIMmotif
of RIP1 and RIP3 [43]. Furthermore, microglia activated
through TLRs can undergo RIP3-mediated necroptosis

when sensitized with pan-caspase inhibitor zVAD-fmk
[44]. Interestingly, the TLR4 signaling pathway is involved
in HMGB1 secretion from macrophages by a mechanism
that depends on IL-1 receptor-associated kinase 4 [45],
suggesting that HMGB1 might be released during TLR-
mediated necroptosis. Recently, Duprez et al. proposed
that a combination of several DAMPs released by
necroptotic cells in TNF-induced systemic inflammatory
response syndrome and cecal ligation and puncture-
induced peritoneal sepsis might synergistically trigger
sustained cytokine release and amplify the inflammatory

Fig. 4. Nec-1 attenuates GalN/LPS-induced increases in hepatic a TLR2, TLR4, TLR9, and RAGE protein expression and b interaction between HMGB1-
TLR4 and HMGB1-RAGE. Mice were treated intraperitoneally with Nec-1 (1.8 mg/kg) or vehicle (2% DMSO in phosphate-buffered saline) at 1 h before
GalN (800mg/kg)/LPS (40 μg/kg) injection. Liver samples were obtained 3 h after GalN/LPS injection. The results are presented as mean ± S.E.M. of 8 to 10
animals per group. The asterisk denotes significant differences (**P < 0.01) versus the control group. The dagger signs denote significant differences
(†P < 0.05, ††P < 0.01) versus the GalN/LPS group.
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response [46]. Indeed, mitochondrial DNA can activate
TLR9 and was identified as a major DAMP contributing
to inflammatory responses in trauma patients developing
sepsis [47]. Due to the unique vascular supply of the liver,
pathogen-associated molecular patterns (PAMPs) of intes-
tinal origin and DAMPs of hepatocyte origin collectively
contribute to inflammation in a number of diseases [48]. In
liver, HMGB1 act as an inflammatory cytokine, and affect
hepatocyte by integrating the activities of PRRs, and par-
ticularly TLR2, TLR4, TLR9 and RAGE are subjected as a
main effector [49, 50]. Although, the crucial role of TLR4
has been implicated in the development of FHF, the role of
other TLRs such as TLR2 and TLR9 in FHF and linkage of
necroptosis to activation of TLR in inflammatory signaling
remain unclear. RAGE is a transmembrane receptor iden-
tified as a crucial mediator for amplifying and perpetuating
inflammation by ligation to its ligands (e.g., HMGB1,
amyloid-β, and AGEs). HMGB1 acts through RAGE on
macrophages [51]; however, mechanistic link between
necroptosis-induced HMGB1 and RAGE is much less
understood. The importance of RAGE triggering inflam-
matory injury has been recently emphasized as it recruits
neutrophils followed by acetaminophen-induced liver ne-
crosis [52], and blockade of RAGE through treatment of
soluble RAGE-Ab in GalN/LPS-intoxicated mice attenu-
ated hepatic microcirculatory dysfunction and hepatocel-
lular necrosis [53]. In our study, we found a significant
increase in hepatic TLR2, TLR4, TLR9, and RAGE ex-
pression. Nec-1 attenuated the increases in TLR4 and
RAGE, but not TLR2 and TLR9. Although we measured
TLR2, TLR4, and RAGE protein expression levels in

whole liver lysates, the cellular source of PRRs has to be
further highlighted. Previous reports show that hepatocytes
express TLRs and are responsive to LPS, but this response
is weak [54], and TLRs on Kupffer cells are considered to
play major role in propagating inflammatory responses in
liver. In addition, Kuhla et al. demonstrated that RAGE
plays an important role in mediating endotoxemic liver
damage [53]. Our previous study in isolated Kupffer cells
and animal models using RAGE siRNA showed that
Kupffer cells express RAGE and silencing RAGE by
siRNA significantly attenuated production of inflammato-
ry cytokine [55]. Collectively, TLRs and RAGE expressed
on Kupffer cells play critical role mediating GalN/LPS
challenge and inhibiting these receptors, particularly
inhibiting TLR4 is well recognized to be beneficial in
animal models [56, 57]. However, there is contradictory
report that RAGE expression is mostly on liver sinusoid
endothelial cells and hepatocytes, and it is poorly
expressed on Kupffer cells [58], and this suggest the ne-
cessity of further study of the role of RAGE expressed on
other cell population is required.

Although the full complex regulatory mechanisms
of these inconsistent alterations in TLR expression
have not been identified, our result indicates that the
individual TLR seems to be differentially affected by
necroptotic injury, and released necroptotic DAMPs
may preferentially activate TLR4 and RAGE. These
results are consistent with previous report that HMGB1
failed to delay ulcer healing and to promote inflamma-
tory cytokine production in TLR4 KO and RAGE KO
mice while TLR2 KO did not affect those in

Fig. 5. Nec-1 attenuates GalN/LPS-induced increases in hepatic nuclear NF-κB p65 and egr-1 protein expression and hepatic CXCL2 protein expression.
Mice were treated intraperitoneally with Nec-1 (1.8 mg/kg) or vehicle (2%DMSO in phosphate-buffered saline) at 1 h before GalN (800mg/kg)/LPS (40μg/
kg) injection. Liver samples were obtained 3 h after GalN/LPS injection. The results are presented as mean ± S.E.M. of 8 to 10 animals per group. The asterisk
denotes significant differences (**P < 0.01) from the control group. The dagger sign denotes significant differences (†P < 0.05) from the GalN/LPS group.
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experimental gastric ulcer [59]. Indeed, we demonstrat-
ed increases in the association between hepatic
HMGB1-TLR4 and HMGB1-RAGE, which were at-
tenuated by Nec-1. Consistent with these data, Nec-1
attenuated the activation of transcription factor NF-κB
which regulates gene encoding proinflammatory cyto-
kines. Furthermore, increased egr-1, a zinc-finger-
transcription factor and downstream target of RAGE,
and CXCL2 were attenuated by Nec-1. Taken together,
our data suggest that necroptotic DAMPs may promote
inflammatory response through TLR4 and RAGE
signaling.

Overall, this study demonstrated that pharmacologi-
cal inhibition of RIP1 prevents cell death during FHF, and
this may alter the acute inflammatory responses, and we
proposed their possible molecular signaling. Furthermore,
our present study demonstrated that DAMPs are released
by necroptotic cells and suggests the key role of DAMPs in
the liver as an important mediator to the immune responses
during FHF.
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