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Abstract
Interleukin-33 (IL-33), a cytokine belonging to the IL-1 fam-
ily, is crucially involved in inflammatory pathologies includ-
ing liver injury and linked to various modes of cell death.
However, a link between IL-33 and necroptosis or pro-
grammed necrosis in liver pathology remains elusive. We
aimed to investigate the regulation of IL-33 during

necroptosis-associated liver injury. The possible regulation
of IL-33 during liver injury by receptor-interacting protein
kinase 1 (RIPK1) and poly(ADP-ribose) polymerase 1
(PARP-1) was investigated in mice in vivo and in hepatic
stellate cells in vitro. The liver immunohistopathology, flow
cytometry, serum transaminase measurement, ELISA, and
qPCR-based cytokine measurement were carried out. By
using a chemical approach, we showed that pretreatment of
mice with Necrostatin-1 (Nec-1) (inhibitor of RIPK1) and/or
PJ34 (inhibitor of PARP-1) significantly protected mice
against concanavalin A (ConA) liver injury (aspartate
amino-transferase (AST)/alanine amino-transferase (ALT))
associated with down-regulated hepatocyte-specific IL-33 ex-
pression. In contrast, the expression level of most systemic
cytokines (except for IL-6) or activation of liver immune cells
was not altered by chemical inhibitors rather an increased
infiltration of neutrophils in the liver. During polyinosine-
polycytidylic acid (Poly(I:C))-induced acute hepatitis, liver
injury and hepatocyte-specific IL-33 expression was also
inhibited by PJ34 without any protective effect of PJ34 in
CCl4-induced liver injury. Moreover, PJ34 down-regulated
the protein expression of IL-33 in activated hepatic stellate
cells by cocktail of cytokines or staurosporine in vitro. In
conclusion, we evidenced that the Nec-1/PJ34 is a potent in-
hibitor of liver injury and Nec-1/PJ34 down-regulated hepa-
tocyte-specific IL-33 expression in the liver in vivo or in he-
patic stellate cells in vitro, suggesting IL-33 as a possible
readout of necroptosis-involved liver pathologies.

Key message
& Necroptosis inhibitors can protect mice against liver injury

induced by ConA or Poly(I:C).
& IL-33 expression in liver injury in vivo is inhibited by

PJ34.
& IL-33 expression in hepatic stellate cells in vitro is

inhibited by PJ34.
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& Hepatocyte-specific IL-33 expression is down-regulated
by Nec-1/PJ34 during hepatitis.

& IL-33 is a new marker of necroptosis-associated liver
injuries.
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PARP-1 . IL-33 . Fibroblasts

Abbreviations
AST Aspartate amino-transferase
ALT Alanine amino-transferase
ConA Concanavalin A
IL-33 Interleukin 33
IL-1RAcP Interleukin-1 receptor accessory protein
i.v. Intravenous
i.p. Intraperitoneal
Nec-1 Necrostatin-1
PARP-1 Poly(ADP-ribose) polymerase 1
P.I. Postinjection
RIPK Receptor-interacting protein kinase
Poly(I:C) Polyinosine-polycytidylic acid

Introduction

The liver injuries involve different mechanisms of cell death like
apoptosis, necrosis, or necroptosis (also called as programmed
necrosis) depending upon the death stimuli, cellular environment,
and immune responses [1]. These cellular death mechanisms
determine the fate of the liver. The caspase-independent pro-
grammed necrosis is a novel form of cell death that is dependent
on receptor-interacting protein (RIP) kinases, RIPK1 and RIPK3
activities, upon engagement of several stimuli like the death re-
ceptors of tumor necrosis factor (TNF)-α superfamily [2–6]. In
the liver, the hepatocytes undergo non-apoptotic cell death during
partial hepatectomy [7] and in steatohepatic livers [8] with induc-
tion of RIPK3 expression in hepatocytes. The concanavalin A
(ConA)-induced hepatic injury mimics immune cell-mediated
fulminant hepatitis or autoimmune hepatitis in human [9, 10].
In mice, ConA induces activation of liver natural killer T
(NKT) cells [1] and T cells that lead to hepatocyte death via
tumor necrosis factor-related apoptosis inducing ligand
(TRAIL), a TNF family member [11–13]. Most of the studies
reported that ConA-induced hepatic cell death was rather necrot-
ic [14] than apoptotic (independent of caspases) [15]. The ConA-
induced hepatic cell death was shown to be associated with
RIPK1 and RIPK3, and conditional deficiency of hepatocyte
caspase-8 sensitized the mice to increased ConA liver injury
associated with increased formation of necrosome [16]. A pro-
tective effect of Necrostatin-1 (Nec-1), inhibitor of RIPK1, has
found in ConA-induced acute hepatic injury in mice [17].
Furthermore, the poly(ADP-ribose) polymerase 1 (PARP-1) is

now known to be involved in a RIPK1-RIPK3-dependent cas-
cade of TRAIL-induced necroptosis, and we have shown that
ConA liver injury is a relevant TRAIL-induced necroptotic mod-
el [18]. The polyinosine-polycytidylic acid (Poly(I:C)) is a syn-
thetic analog of viral double-stranded RNA (dsRNA) and medi-
ates liver injury through Toll-like receptor 3 (TLR3) [19]. The
liver injury induced by Poly(I:C) involves TNF receptor-
associated factor 6 (TRAF6), receptor-interacting protein 1
(RIP1), and NF-κB activation [20]. The carbon tetrachloride
(CCl4) induced acute liver toxicity in mice and was used as a
model of liver fibrosis with cytochrome-lipid-peroxidation-
dependent free radical injury [21, 22].

In the liver, the interleukin-33 (IL-33), a member of the IL-
1 family, also proposed as an alarmin cytokine [23], is
expressed by hepatocytes in ConA hepatitis [24], in
Poly(I:C)-induced liver injury [25] and in liver ischemia/
reperfusion injury [26]. Furthermore, NKT cells are responsi-
ble for the specific hepatocyte-IL-33 expression [24] and
TRAIL is required to induce IL-33 in hepatocytes in this he-
patic model [27]. At a functional level, IL-33 interacts via its
specific receptor ST2 and common chain IL-1RAcP [28, 29]
to mediate its cytokine activity. In murine ConA hepatitis,
Volarevic et al. [30] have shown that administration of recom-
binant IL-33 induced protective effects by triggering anti-
apoptotic effects, by decreasing pro-inflammatory cytokines,
and by recruiting regulatory T cells (Tregs) in the liver.

IL-33 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 [31–35],
and a link between IL-33 and necroptotic cell death remains
elusive. In the present study, we investigated the expression of
IL-33 and its chemical inhibition in ConA and Poly(I:C)-in-
duced acute liver injury. We used chemical inhibition ap-
proach by selective inhibition of RIPK1 activity by Nec-1
and PARP-1 inhibition by PJ34 during ConA-induced,
Poly(I:C)-induced, and CCl4-induced acute hepatitis. The
consequence in activation and recruitment of liver immune
cells and cytokine level during ConA hepatitis was investigat-
ed following Nec-1 and PJ34 treatment in mice. We showed
that RIPK1/PARP-1 inhibition by Nec-1+PJ34 protected
mice against ConA liver injury. In conclusion, we evidenced
that the pharmacological inhibition of liver injury by Nec-1/
PJ34 down-regulated hepatocyte-specific IL-33 expression in
the liver in vivo or in hepatic stellate cells in vitro.

Materials and methods

Animals and treatment protocol

The C57Bl/6 8–10-week-old wild-type (WT) mice (Janvier, Le
Genest-sur-isle, France) were injected by intravenous (i.v.) route
with ConA (Sigma-Aldrich) to induce acute hepatitis at a dose of
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12 mg/kg body weight. Mice were sacrificed at 10 (for liver
enzymes, messenger RNA (mRNA) and protein expression of
IL-33), 12, and 24 h (for flow cytometry experiments) following
ConA administration. The Poly(I:C) (Invivogen) was intrave-
nously injected with a dose of 30 μg/mouse, and mice were
sacrificed at 8 and 16 h of postinjection. The control mice re-
ceived a similar volume of vehicle in each treatment group. For
Necrostatin-1 (Nec-1) and PJ34 experiment, C57Bl/6 WT mice
were pretreated with intraperitoneal (i.p.) administration of
10 mg/kg of PJ34 (Alexis Biochemicals, Enzo Life Sciences,
Villeurbanne, FR) (1 h before) or i.v. administration of 125 μg/
mouse of Nec-1 (Sigma-Aldrich, N9037) (15 min before), or
with both inhibitors prior to ConA injection (12 mg/kg) or
Poly(I:C) injection. C57Bl/6 mice were treated with PJ34 (i.p.)
at 10 mg/kg body weight in PBS or PBS alone (10 μl/g body
weight) 1 h before oral gavage of CCl4 in oil to induce acute
hepatitis at a dose of 2.4 g/kg body weight. After 24 h of first
injection, mice were treated with PJ34 and were sacrificed at 48
or 72 h following CCl4 injection.

All mice were bred in specific pathogen-free conditions at the
local animal house facilities. The study was conducted in com-
pliance with French laws and the institution’s guidelines for an-
imalwelfare. All efforts weremade tominimize suffering and the
number of animals involved. The protocol was approved by the
BComité Rennais d’Ethique en matière d’Expérimentation
Animale^ that is the county committee agreed by the Ministry
of Research and Higher Education (protocol agreement number:
R-2012-CPP-Ol, researcher agreement for M samson #35-96
and C. Piquet-Pellorce #35-82).

Histopathological, biochemical, and immunohistochemical
analysis

The histopathological (hematoxylin and eosin (H&E) stain-
ing) and serum biochemical analyses, immunolocalization of
IL-33, and the counting of IL-33-positive hepatocytes were
performed as described earlier [24]. Briefly, serum aspartate
amino-transferase (AST)/alanine amino-transferase (ALT)
was measured according to the IFCC primary reference pro-
cedures using Olympus AU2700 Autoanalyzers (Olympus
Optical, Tokyo, Japan). For histopathology, H&E staining of
liver tissues was carried out to access the liver injury.
Paraformaldehyde-fixed and paraffin-embedded mouse liver
sections followed by antigen retrieval were incubated with
primary antibody (goat IgG anti-murine IL-33, R&D
Systems) in a Ventana CT/09/021 automated machine
(Ventana Medical Systems, USA). Revelation of the primary
antibody was carried out using HRP-conjugated rabbit poly-
clonal anti-goat (Dako, USA) secondary antibody followed by
diaminobenzidine and hematoxylin coloration. The counting
of IL-33-positive hepatocytes was carried in at least 20 differ-
ent microscopic fields corresponding to 2.67-mm2 surface ar-
ea using image analysis software (Simple PCI, Compix,

Hamamatsu, Japan). The truly IL-33-positive hepatocytes
were counted on the basis of diameter of cells and intensity
of signals/degree of immunopositivity/staining (differential
interference contrast) by Simple PCI software.

In vitro hepatic stellate cell stimulation and Western blot

Hepatic stellate cells (HSCs) of human were prepared by
collagenase/pronase digestion of liver using a perfusion system
and subsequent fractionation of the heterogeneous cell suspen-
sion on continuous density gradient with Percoll. The viability of
HSC was >90 % as estimated by Trypan blue test. HSCs were
grown in RPMI 1640medium supplementedwith 10% fetal calf
serum [36]. The HSCswere stimulated by a cocktail of cytokines
(CCs) containing 1 ng/ml IL-1β, 10 ng/ml IL-6, 20 ng/ml
TNF-α (R&D Systems, Minneapolis, MN, USA), and
10 ng/ml interferon (IFN)-γ (BioSource Europe, Nivelles,
Belgium) or with staurosporine (STS, 10 and 25 nM) for 24 h.
The effect of varying concentrations of PJ34 (10, 50, and
100 μM) was tested upon activated HSC. The protein was ex-
tracted from control and stimulated HSCs for Western blot anal-
ysis, and detection of IL-33 and β-actin proteins was carried out
as previously described [22]. The ratio of IL-33/β-actin band
intensity was measured by LAS-3000 imager analysis (Fujifilm
Europe, Düsseldorf, Deutschland).

RNA isolation and RT-qPCR

Total RNA was extracted from mice livers using TRIzol
(Invitrogen) reagent. First-strand complementary DNA
(cDNA) was synthesized using the SuperScript™ II Reverse
Transcriptase (Invitrogen). The cDNA or RT amplification
was further verified by PCR amplification using the house-
keeping gene, GAPDH. The protocol and conditions for RT-
PCR and qPCR were same as reported earlier by our labora-
tory using specific primers for 18S, IL-33, IL-6, IL-1β,
IFN-γ, TNF-α, and CXCL1 [24].

Cytokine measurement

The mouse Th1/Th2 10plex (IL-1α, IL-2, IL-4, IL-5, IL-6, IL-
10, IL-17, TNF-α, IFN-γ, and GM-CSF) ready-to-use
FlowCytomix sample kit (eBioscience) was used to measure
cytokines in sera according to prescribed protocol of the sup-
plier (eBioscience, France).

Isolation of liver immune cells and flow cytometry analysis

The liver immune cells were isolated as described earlier [37,
38] with a viability of >95 %. Cells were resuspended in
staining buffer (PBS with 10 % FCS) and preincubated with
anti-CD16/32 (BD Pharmingen) to block non-specific bind-
ing. The cells were then labeled with appropriate
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fluorochrome-conjugated antibodies/reagents (BD
Pharmingen, MD Bioproducts, and eBioscience): anti-CD3-
V500 (clone 500-A2), anti-CD4-PE-Cy7 (clone RM4-5), anti-
CD8-APC-Cy7 (clone 53-6.7), anti-NK1.1-PerCP-Cy-5.5
(clone PK136), CD45-V500 (clone 30-F11), anti-CD11b-PE
Cy™7 (clone M1/70), CD11c-APC (clone HL3), anti-Gr1-
V450-Ly.6G/C (clone RB6-8C5), CD25-FITC (7D4),
Foxp3-PE (clone MF23), TCRβ-V450 (clone H57-597), and
anti-CD69-PE (clone H1.2F3). The stained cells were ana-
lyzed on FACSAria™ II flow cytometer using BD FACS
Diva software (BD Bioscience), and data were analyzed by
CXP software (Beckman Coulter). Dead cells and doublet
cells were excluded on the basis of forward and side scatter.

Statistical analysis

The results are representative of three independent experi-
ments with n=5–7 animals in each experimental group, and
data was expressed as means±SEM. Mann-Whitney U test
was used for comparison of control group parameters with
treatment group, and multiple group analysis was carried out
by one-way ANOVA. The correlation between continuous
variables was analyzed by using GraphPad Prism 5 software.
For all statistical analyses, *p<0.05, **p<0.01, and
***p<0.001.

Results

Pretreatment of Nec-1 and PJ34 protected mice against ConA
hepatitis and inhibited IL-33 expression in liver

To evaluate the effect of Nec-1 (inhibitor of RIPK1 kinase
activity) and PJ34 (inhibitor of PARP-1) to inhibit hepatocyte
cell death in vivo and IL-33 as a possible readout, we inves-
tigated the effect of Nec-1+PJ34 pretreatment in ConA-
induced liver injury. The Nec-1 or PJ34 alone or in combina-
tion did not induce any hepatic injury (as evaluated by serum
transaminase levels) (Fig. 1a, S1). Nec-1+PJ34 pretreatment
effectively protected mice against ConA liver injury with a
significant decrease in serum AST and ALT levels at 10 h
(Fig. 1a, S1) compared to the ConA-alone group. The com-
bined inhibition of liver injury by Nec-1+PJ34 was more
significant (Fig. 1a, S1). The hepatocytes specifically
expressed IL-33 in ConA hepatitis as we demonstrated previ-
ously [24, 27]; however, the pretreatment of Nec-1+PJ34
down-regulated liver mRNA and hepatocyte-specific expres-
sion of IL-33 in ConA-treated mice at 10 h (Fig. 1b, c). These
results suggested that necroptotic inhibitors can block the
mRNA and protein IL-33 expression. The hepatocyte-
specific IL-33 expression was not evident in Nec-1/PJ34 con-
trol mice livers (Fig. 1c). The number of IL-33-expressing
hepatocytes was significantly down-regulated by Nec-1,

PJ34, and combination of Nec-1+PJ34 in comparison to
ConA-treated mice (Fig. 1d). These results demonstrate that
the ConA hepatic injury is a relevant necroptotic model and
hepatocyte-specific IL-33 appears as a marker during ConA
hepatic injury.

Nec-1+PJ34 administration selectively inhibited
pro-inflammatory cytokines during ConA liver injury

While the ConA hepatic injury is known to be associated with
the increased influx of pro-inflammatory cytokines produced
by immune cells [9, 12], we wondered if the inhibition of
injury by Nec-1+PJ34 affected the cytokine expression. We
found that the combined pretreatment of Nec-1+PJ34 selec-
tively inhibited only the mRNA expression of IL-6 (Fig. 2a),
while the sustained pro-inflammatory cytokine/chemokine
levels of IL-1β, TNF-α, IFN-γ, chemokine (C-X-C motif
ligand 1), and CXCL1/KC were not inhibited significantly
by Nec-1+PJ34 treatment (Fig. 2a). In parallel, the circulating
cytokine level of IL-6 was significantly decreased by Nec-1+
PJ34 pretreatment in ConA-induced hepatitis in mice but not
IFN-γ (Fig. 2b). These findings suggest that IL-33 and IL-6
shared same profile while other measured cytokine expression
was not altered by Nec-1+PJ34 during immune cell-mediated
hepatitis.

The activation and number of immune cells in the liver
were not inhibited by Nec-1+PJ34 pretreatment during ConA
liver injury

To delineate the impact of Nec-1+PJ34 on liver immune cell
activation and their number following ConA administration
(at 12 and 24 h), we characterized the immune cell profile in
the liver by flow cytometry (Fig. 3a). We first demonstrated
that Nec-1+PJ34 significantly inhibited ConA liver injury
(AST/ALT levels) after 12 or 24 h of ConA injection
(Fig. S2). The immune cells in liver such as T cells (CD3+),
NK cells (CD3−NK1.1+), NKT cells (CD3+NK1.1+), and B
lymphocytes (CD19+) remained highly activated after 12 or
24 h of ConA administration as evident from an early marker
of activation (CD69+) which was not significantly inhibited
by Nec-1+PJ34 pretreatment (Fig. 3b). Hence, the Nec-1+
PJ34 did not directly affect immune cell activation.

The number of intrahepatic NK cells, B lymphocytes, and
macrophages (CD11bhiGr-1int), but not of NKT cells or T
cells, was increased in ConA-alone and Nec-1+PJ34-
pretreated mice without any significant difference between
these groups (Fig. 3c). The neutrophil (CD11b+CD11c−Gr-
1+ cells or CD11bhiGr-1hi cells) count in the liver increased
significantly with a difference between Nec-1+PJ34-
pretreated and ConA-treated mice at 12 h but not at 24 h of
postadministration (Fig. 3c). Thus, the inhibition of hepato-
cyte cell death byNec-1+PJ34 did not impact the activation or
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the number of infiltrate cells during ConA hepatitis, except
neutrophils that were significantly increased.

PJ34 prevented onset of Poly(I:C)-induced liver injury
and IL-33 expression in the liver but not of CCl4-induced liver
injury

To look whether IL-33 inhibition by PJ34 was not restricted to
ConA hepatitis model only, we investigated the protective
effect of PJ34 in Poly(I:C)-induced liver injury, a dsRNAviral

mimetic hepatic model in mice. The PJ34 more significantly
inhibited the ConA liver injury than Nec-1; therefore, in
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Poly(I:C)-mediated liver injury, we only tested effect of
PJ34. A comparative decrease in ALT/AST level was
observed following 8 h of Poly(I:C)+PJ34 administra-
tion, an acute onset of liver injury; however, this pro-
tective effect was not evident following 16 h of PJ34
injection (Fig. 4a, S3). These findings were in accor-
dance with liver histology, which showed very mild or
no liver injury in Poly(I:C)+PJ34 compared with
Poly(I:C)-alone treatment at 8 h (Fig. 4b). At 16 h of
Poly(I:C) administration, the liver histology did not re-
veal any liver injury (Fig. S3). The hepatocyte-specific
IL-33 expression was induced at 8 h of Poly(I:C) ad-
ministration but not in PBS control mice or at 16 h of
Poly(I:C) administration (Fig. S3). Interestingly, the IL-
33 expression in hepatocytes was greatly decreased in
Poly(I:C)+PJ34-treated mice (Fig. 4b). The hepatocyte-
specific IL-33 count was significantly decreased by
PJ34 treatment in Poly(I:C)-treated mice compared to
Poly(I:C)-positive control mice (Fig. 4c) suggesting an
inhibitory effect of PJ34 on IL-33 regulation in the liv-
er. In contrast, PJ34 did not significantly inhibited CCl4-
induced hepatotoxicity/liver injury (ALT, AST level) at
24, 48, and 72 h (Fig. S4a). Non-significant difference
was observed in PBS vs PJ34-CCl4-treated mice in
terms of ratio of liver weight over total body weight
or in percentage of body weight (Fig. S4b, c).

IL-33 expression was down-regulated by PJ34 in stimulated
human HSCs in vitro

Our previous data evidenced that the stimulated human HSCs
were a potent IL-33 induction model in vitro [22]; therefore,
we tested the effect of PJ34 on a cocktail of cytokines (CCs)-
or staurosporine (STS)-stimulated HSCs at different doses.
The CC significantly augmented the protein expression of
IL-33 (Fig. 5a), as expected, which was inhibited by PJ34 in
a dose-dependent manner. A complete inhibition of IL-33
protein expression was observed at 100-μM dose of PJ34
in vitro. In parallel, the STS induced an increase in protein
expression of IL-33 in stimulated HSC (Fig. 5b) and the IL-33
expression was down-regulated by PJ34 treatment. These data
showed that the chemical inhibitor PJ34 significantly blocked
the expression of IL-33 in vitro.

Discussion

The RIPK1/3-mediated programmed necrosis or necroptosis
has been involved in various diseases and inflammatory con-
ditions like viral infection [3, 39], systemic inflammatory re-
sponse syndrome (SIRS) and sepsis [40], acute pancreatitis
[4], ischemia-reperfusion injury [41], and intestinal inflamma-
tion [42, 43]. Interestingly, the potent inhibition of RIPK1 by

�Fig. 4 Liver injury and IL-33 expression in WT mice following
Poly(I:C) and PJ34 treatment. a Levels of serum ALT (IU/L) in WT
mice following PBS, Poly(I:C) (30 μg/mouse i.v.), and Poly(I:C)+PJ34
treatment at 8 and 16 h of postinjection. b Liver histology (H&E) and
immunostaining of IL-33 in the livers of WT mice treated with PBS,
Poly(I:C), and/or Poly(I:C)+PJ34 at 8 h. c Comparison of number of
IL-33-expressing hepatocytes in WT mice following PBS, Poly(I:C),
and/or Poly(I:C)+PJ34 treatment at 8 h of postinjection
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Fig. 5 Western blot analysis of IL-33 in stimulated human hepatic
stellate cells in vitro. a The HSCs were stimulated with vehicle control;
CCs alone; and/or CCs with 10, 50, and 100-μM concentrations of PJ34.
IL-33 and β-actin protein expression was detected in Western blot, and
ratio of IL-33/β-actin band intensity was measured by LAS-3000 imager
analysis (Fujifilm Europe, Düsseldorf, Deutschland). b The HSCs were
stimulated with vehicle control; staurosporine (STS) 10 and 25 nM; and
STS with different concentrations of PJ34 like 10, 50, and 100 μM. IL-33
and β-actin protein expression was detected in Western blot, and ratio of
IL-33/β-actin was quantified by LAS-3000 imager analysis software
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chemical inhibitor Nec-1 provides an excellent tool to deci-
pher the implication of necroptosis pathway in different pa-
thologies and cell death models in vitro. We previously evi-
denced that Nec-1 and PJ34 inhibitors can block RIPK1 and
PARP-1 expression during ConA-associated necroptotic liver
injury in mice [18]. In another study, it was confirmed that
Nec-1 inhibits ConA-induced hepatitis [17] and a protective
effect of Nec-1 in acetaminophen (APAP)-induced liver injury
in mice was found via inhibition of ROS production [44–46].
The mechanisms of ConA-induced liver injury were firstly
known to be caspase-dependent apoptosis [47, 48] and
caspase-independent necrosis [14–16], and we showed
ConA-mediated liver injury as a relevant necroptotic model
[18]. We further evidenced the regulation of IL-33 by TRAIL
(an initiator molecule of necroptosis) in ConA-induced acute
liver injury [27], and the present study demonstrated the in-
hibitory effect of Nec-1/PJ34 on the regulation of IL-33 dur-
ing liver injury in vivo (ConA and Poly(I:C) hepatic models)
or in human HSCs in vitro.

This study showed that inhibition of RIPK1 kinase activity
and PARP-1 activity by Nec-1 and PJ34 protected mice
against ConA hepatitis. The Nec-1 and PJ34 pretreament syn-
ergistically inhibited early markers of liver injury (serum AST
and ALT) in ConA hepatitis. We recently showed the induc-
tion of hepatocyte-specific IL-33 expression during Poly(I:C)-
induced acute hepatitis [25], and here, we evidenced that PJ34
inhibited serum AST/ALT and hepatocyte-specific IL-33 ex-
pression during Poly(I:C)-induced liver injury. Thus, the acti-
vation of TLR3 by viral dsRNA mimetic could lead to
necroptotic cell death [49] and IL-33 was induced in the liver
in this hepatic model which was blocked by PJ34. The ConA
and Poly(I:C) hepatic models have mimicry with human hep-
atitis (fulminant or immune cell dependent) indicating the
plausible therapeutic effect of PJ34 and Nec-1 in acute hepa-
titis. PJ34 did not significantly inhibit CCl4-induced liver in-
jury (ALT, AST level) that may explain different modes of
liver cell death (cytochrome activation dependent) in CCl4
hepatic model than ConA or Poly(I:C), i.e., immune cell de-
pendent. Further, we have already shown that hepatocyte-
specific IL-33 expression was not evident during CCl4-in-
duced liver injury [24]. The human fibroblasts/HSC strongly
induced the expression of IL-33 following stimulation with
CCs in vitro as we reported previously [22], and here, we
demonstrated that PJ34 can down-regulate the expression of
IL-33 in stimulated HSC by CC or staurosporine.

A storm of pro-inflammatory cytokines and activation/
infiltration of immune cells in the liver are associated with
ConA-induced fulminant hepatitis [9, 12, 50, 51].
Accordingly, we found that even in the absence of liver injury
(Nec-1+PJ34-protected mice), the expression of TNF-α,
IFN-γ, IL-1β, and CXCL1 as well as the activation of
intrahepatic immune cells (CD69+) following ConA hepatitis
remained sustained which may explain a sterile inflammatory

response in the liver. In other words, the hepatitis phenomenon
can be bifurcated as inflammation of the liver and hepatolysis.
In the liver, there is an early wave (1–4 h) of pro-inflammatory
cytokines (IL-1β, TNF-α, and IFN-γ) following ConA ad-
ministration and then a second wave (late phase) of cytokines
like IL-1β and IL-6 resulting from release of damage-
associated molecular patterns (DAMPs) [52, 53]. Among the
late-phase cytokines, the IL-6 was known to be involved in
repairment of the liver following liver injury. In the liver, the
cytokines IL-1β and TNF-α are secreted by activated Kupffer
cells and IFN-γ by NKTand T lymphocytes; however, IL-6 is
massively produced by Kupffer cells, hepatic fibroblasts, and
endothelial cells and is involved in hepatocyte proliferation
and tissue repair in the liver [54]. As the PJ34 inhibits the liver
injury, the decreased level of IL-6 may be due to inhibition of
liver injury in our study. The Nec-1/PJ34 slightly but non-
significantly reduced IFN-γ level (mRNA and protein) with-
out inhibition of TNF-α during ConA hepatitis. As these cy-
tokines (TNF-α, IFN-γ) are majorly produced by macro-
phages and NK/T cells, Nec-1-PJ34 did not inhibit activation
of these cells; therefore, it seems that the necroptotic inhibitors
specifically inhibit TRAIL-dependent hepatocyte cell death
without affecting immune cells.

In consequence to liver injury, the secretion of intracellular
contents or endogenous danger signals (DAMPs) including
DNA or microRNAs from dying cells (e.g., hepatocytes) can
cause inflammation and auto-immunity, which can be used as
surrogate markers of liver injury during viral, drug, alcohol,
and TLR-dependent hepatitis [55–57]. We showed that in
ConA liver injury, the endogenous alarmins IL-33 and
HMGB1 were highly expressed in the liver and particularly
in the hepatocytes [23]; thus, in consequence to hepatocyte
death, these alarmins can signal to immune system. Indeed,
the blockage of RIPK1 kinase activity did not affect the in-
duction of pro-inflammatory cytokines [58, 59]; this seemed
true in our model of liver injury except for IL-6.

The numbers of intrahepatic Tcells, NK cells, NKTcells, B
lymphocytes, and macrophages were not affected by Nec-1/
PJ34 treatment, suggesting that the cell death inhibition by
Nec-1+PJ34 did not affect the immune cell counts during
ConA hepatitis. The number of liver NKT cells dramatically
decreased in ConA- or Nec-1/PJ34-treated mice that repre-
sented ConA-mediated NKT cell activation and subsequent
death (activation-induced cell death (AICD)) as described ear-
lier [9, 60]. However, the increase in the number of neutro-
phils at 12 h of Nec-1+PJ34 treatment could be explained by
the fact that Nec-1+PJ34 that inhibited liver injury may rela-
tively prolong the normal half-life (6–8 h) of neutrophils [61],
in association with increased expression of CXCL1 and MIP-
2 (neutrophil-specific recruitment chemokines) in the liver.
Hence, the up-regulated cytokine and chemokine expression
and the activation or infiltration of immune cells (NK, NKT, T,
and B cells and macrophages) appear in upstream of
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hepatocyte necroptotic cell death in consequence to ConA
stimulation.

In summary, the chemical inhibitors Nec-1 or PJ34 inhibit
liver injury/inflammation and can down-regulate the expres-
sion of IL-33 in hepatocytes or HSC, suggesting Nec-1/PJ34
as a protector of liver injury and IL-33 as a readout in
necroptosis-involved liver injuries.
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