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Abstract

The occurrence of idiosyncratic drug-induced liver injury (IDILI) is a leading cause of post-marketing safety warnings and
withdrawals of drugs. Carbamazepine (CBZ), widely used as an antiepileptic agent, could cause rare but severe idiosyncratic
liver injury in humans. Although recent studies have shown that inflammasome is implicated in CBZ-induced hepatocellular
injury in vitro, the precise pathogenesis of hepatotoxicity remains largely unexplored. Here we report that CBZ causes idi-
osyncratic liver injury through promoting specific stimuli-induced NLRP3 inflammasome activation. CBZ (40 pM) enhances
NLRP3 inflammasome activation triggered by adenosine triphosphate (ATP) or nigericin, rather than SiO,, monosodium
urate crystal or intracellular lipopolysaccharide (LPS). In addition, CBZ has no effect on NLRC4 or AIM?2 inflammasome
activation. Mechanistically, synergistic induction of mitochondrial reactive oxygen species (mtROS) is a crucial event in
the enhancement effect of CBZ on ATP- or nigericin-induced NLRP3 inflammasome activation. Moreover, the “C=C" on
the seven-membered ring and “C=0" on the nitrogen of CBZ may be contribute to NLRP3 inflammasome hyperactivation
and hepatotoxicity. Notably, in vivo data indicate that CBZ (50 mg/kg) causes liver injury in an LPS (2 mg/kg)-mediated
susceptibility mouse model of IDILI, accompanied by an increase in caspase-1 activity and IL-1f production, whereas the
combination of CBZ and LPS does not exhibit the effect in NLRP3-knockout mice. In conclusion, CBZ specifically promotes
ATP- or nigericin-induced NLRP3 inflammasome activation and causes idiosyncratic liver injury. Our findings also suggest
that CBZ may be avoided in patients with NLRP3 inflammasome activation-related diseases that are triggered by ATP or
nigericin, which may be risk factors for IDILI.
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DAMPs Damage-associated molecular patterns
PMA Phorbol-12-myristate-13-acetate
BMDMg Bone-marrow-derived macrophages
DMEM  Dulbecco’s modified Eagle’s medium
ALT Alanine aminotransferase

AST Aspartate transaminase

LDH Lactate dehydrogenase

HBSS Hank’s balanced salt solution
Introduction

Idiosyncratic drug-induced liver injury (IDILI), which
develops unpredictably and independently of drug dose, or
route or duration of administration (Bjornsson 2015, 2016;
Fontana 2014), is a leading cause of failures in drug develop-
ment and the main reason for post-marketing safety warnings
and withdrawals of drugs (Chalasani et al. 2014; Garcia-
Cortes et al. 2018; Holt and Ju 2006). Identifying potential
drugs and individuals at risk for IDILI remains challeng-
ing and increasing evidences have indicated that most cases
of IDILI are immune mediated (Adams et al. 2010; Ju and
Reilly 2012). Therefore, various immune-related hypoth-
eses, such as hapten and danger hypotheses, have been
developed to elucidate the mechanism of IDILI (Cho and
Uetrecht 2017). Consistent with these hypotheses, immuno-
surveillance checkpoint inhibitors have also been success-
fully used to develop an animal model of IDILI, which has
been used to reveal the mechanism of liver injury induced
by amodiaquine, nevirapine and isoniazid (Mak and Uetrecht
2015; Metushi et al. 2015). Although it is still controversial,
non-hepatotoxic doses of lipopolysaccharide (LPS) evoke
mild concurrent inflammation in animals that may mimic
the specific susceptibility factors or conditions under which
human IDILI occurs. Numerous studies have demonstrated
that IDILI can be replicated in animals through co-exposure
to non-hepatotoxic doses of LPS and drugs with the ability
to induce IDILI, such as trovafloxacin, amiodarone, mono-
crotaline and diclofenac (Deng et al. 2006; Hammad et al.
2011; Lu et al. 2013; Shaw et al. 2009).

Recent studies have shown that excessive activation
of NLRP3 inflammasome may be an important mecha-
nism to induce immune responses that lead to liver dis-
eases in some patients (Mridha et al. 2017; Wree et al.
2014). NLRP3 inflammasome is a cytoplasmic multipro-
tein complex typically composed of three components (a
sensor molecule NLRP3, an adaptor protein ASC, and an
effector molecule pro-caspase-1) that can be activated
by double activation signal: priming and activation. The
recognition of LPS by toll-like receptor 4 will result in
the activation of NF-xB and up-regulation of pro-IL-1f
and NLRP3 protein expression, which is called the prim-
ing phase. In the step of activation, upon stimulation by
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a broad spectrum of stimuli, including adenosine triphos-
phate (ATP), nigericin, monosodium urate crystal (MSU),
and SiO,, NLRP3 inflammasome complexes are assembled
to process the cleavage of pro-caspase-1, and active cas-
pase-1 subsequently functions to result in pyroptosis and
cleavage of the proinflammatory cytokines pro-IL-1p and
pro-IL-18 into their bioactive forms, IL-1p and IL-18, to
amplify the inflammatory response via positive feedback
(He et al. 2016).

NLRP3 inflammasome acts as an important sensor for
DAMPs and PAMPs. Current studies suggest that THP-1
cells incubated with the supernatant of hepatocyte with
amodiaquine, nevirapine and carbamazepine (CBZ),
the drugs with the ability to induce IDILI, could lead
to release of IL-1f and an increase in caspase-1 activity
in vitro (Kato et al. 2019; Kato and Uetrecht 2017; Wes-
ton and Uetrecht 2014). However, whether NLRP3 inflam-
masome is involved in the occurrence of IDILI remains
unclear. In this study, we demonstrated that CBZ facili-
tates specific stimulants induced NLRP3 inflammasome
activation and causes idiosyncratic liver injury.

Materials and methods
Mice

Female C57BL/6 mice (6—8 weeks old) were purchased
from SPF Biotechnology Co., Ltd (Beijing, China).
NLRP3-knockout (NLRP3~~) mice were kindly provided
by Dr. Tao Li from National Center of Biomedical Analy-
sis and backcrossed to C57BL/6 at least ten times for the
current project. All animals were allowed unrestricted
access to food and water for the duration of the experi-
ment except during fasting tests and maintained under 12-h
light/dark conditions at 22-24 °C. All experimental proce-
dures in this study were performed according to the guide-
lines of laboratory animals care and use and approved by
the animal ethics committee of the Fifth Medical Centre,
Chinese PLA General Hospital (Beijing, China).

Cell culture

Bone-marrow-derived macrophages (BMDMs) were iso-
lated from femoral bone marrow of 10-week-old female
wild type or NLRP3~/~ C57BL/6 mice and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) com-
plemented with 10% fetal bovine serum, 1% penicillin/
streptomycin and 50 ng/mL murine macrophage colony-
stimulating factor. Human THP-1 cells were grown in
RPMI 1640 medium and stimulated by 100 nmol/L PMA
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Fig.1 Effect of the drugs that cause idiosyncratic liver injury on
NLRP3 inflammasome activation. a, b LPS-primed BMDMSs were
treated with drugs that cause idiosyncratic liver injury (40 pM) for
6 h. Caspase-1 activity (a) and western blot analysis of IL-1p (p17),
caspase-1 (p20) (b) in culture supernatants (SN). ¢ LPS-primed
BMDMs were treated with these drugs (40 pM) and then stimulated
with ATP. Western blot analysis of IL-1f8 (p17), caspase-1 (p20) in
SN and pro-IL-1pB, caspase-1 (p45), NLRP3, ASC in whole cell

lysates (WCL). Caspase-1 activity (d), secretion of IL-1f (e), TNF-a
(f) in SN described in (c). RLUs, the relative light units. Data are
expressed as mean + SEM (n=3) from three independent experiments
with biological duplicates in a, d—f. Statistics differences were ana-
lyzed using one-way ANOVA: *¥*P <(.001 vs. the control group
(a), *P<0.05, **P<0.01, ***P<0.001 vs. the LPS plus ATP group
(d-f)
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«Fig. 2 Carbamazepine (CBZ) promotes NLRP3 inflammasome acti-
vation triggered by ATP and nigericin. a BMDMs or LPS-primed
BMDMs were treated with ATP, CBZ, or ATP plus CBZ. Western
blot analysis of IL-1p (p17), caspase-1 (p20) in SN and pro-IL-1,
caspase-1 (p45), NLRP3, ASC in WCL. Caspase-1 activity, secretion
of IL-1p were detected in SN. b LPS-primed BMDMs were treated
with various doses of CBZ (10, 20, 40 pM) and then stimulated with
ATP. Western blot analysis of IL-1f (p17), caspase-1 (p20) in SN and
pro-IL-1p, caspase-1 (p45), NLRP3, ASC in WCL. Caspase-1 activ-
ity, secretion of IL-1f were detected in SN. ¢ LPS-primed BMDMs
were treated with various doses of CBZ (10, 20, 40 uM) and then
stimulated with nigericin. Western blot analysis of IL-1p (p17), cas-
pase-1 (p20) in SN and pro-IL-1f, caspase-1 (p45), NLRP3, ASC
in WCL. Caspase-1 activity, secretion of IL-1f were detected in SN.
Data are expressed as mean+SEM (n=3) from three independent
experiments with biological duplicates in a—c. Statistics differences
were analyzed using one-way ANOVA: *P <0.05, ***P <0.001 vs.
the LPS plus ATP or nigericin group (a—c)

overnight to differentiate into macrophages. DMEM sup-
plemented with 10% fetal bovine serum and 1% penicillin/
streptomycin was used to culture HEK-293T. All cell lines
were cultured under a humidified 5% (v/v) CO, atmos-
phere at 37 °C.

Inflammasome activation

To induce inflammasomes activation, BMDMs at 5 x 10°
cells/ml and PMA-primed THP-1 cells at 1.5x 10° cells/ml
were seeded in 24-well plates overnight. Then, the medium
was replaced the following day, and the cells were stimu-
lated with 50 ng/mL LPS or 1000 ng/ml Pam3CSK4 for
4 h. After that, the medium was changed to Opti-MEM
containing CBZ (TargetMol, Shanghai, China) for 1 h and
then were used for inflammasome stimulation as previ-
ously reported (Wang et al. 2019).

Western blotting
Protein extraction method of cell culture supernatant and

immunoblot has been described previously (Wang et al.
2019).

Caspase-1 activity assay

The caspase-1 activity assay has been described previously
(Wang et al. 2019).

Enzyme-linked immunosorbent assay

Supernatants from cell culture and mouse serum were
assayed for mouse IL-1pB, TNF-a, and human IL-1§,

TNF-a according to manufacturer’s instructions (Dake-
wei, Beijing, China).

Alanine aminotransferase (ALT) and aspartate
Transaminase (AST)

Serum and cultured supernatants ALT and AST were
determined using the commercially available assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions.

Lactate dehydrogenase (LDH) assay

LPS-primed BMDMs were treated with inflammasome
stimulants in the presence of CBZ. The release of LDH
into the culture supernatants was determined by LDH
cytotoxicity assay kit (Beyotime, Shanghai, China) accord-
ing to the manufacturer’s instructions.

ASC oligomerization assay

The assay for ASC oligomerization has been described
previously (Song et al. 2017).

Intracellular potassium detection

BMDMs were plated overnight in 6-well plates and then
primed with 50 ng/ml LPS for 4 h. After that, cells were
treated with CBZ for 1 h and then stimulated with differ-
ent stimuli. The assay for intracellular potassium has been
described previously (Huang et al. 2018).

Immunoprecipitation assay

For the exogenous NLRP3 interaction assay, HEK-293T
cells (3 x 10° cells/ml) were transfected with plasmids (Flag-
NLRP3, Myc-NLRP3) in 6-well plates via Lipofectamine
2000. 12 h later, the medium was changed to DMEM con-
taining CBZ. After 24 h, cells were collected and lysed with
NP-40 lysis buffer with protease inhibitor. Extracts were
immunoprecipitated with anti-Flag antibody and beads and
then were assessed by immunoblot analysis.

Confocal microscopy
Confocal microscopy analysis, which is carried out to test

mitochondrial damage, has been described previously (He
et al. 2018).
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Mitochondrial reactive oxygen species assay
BMDMs were put onto 100 mm diameter culture dish

tubes and primed with LPS (50 ng/ml) for 4 h. Then,
cells were detached and transferred into 1.5 ml tubes for
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1 h CBZ treatment. After that, cells were stimulated with
ATP, nigericin or SiO,, after which the cells were washed
twice with Hank’s balanced salt solution (HBSS). For
mitochondrial reactive oxygen species (mtROS) meas-
urement, BMDMs were loaded with 4 pM MitoSOX red
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«Fig.3 CBZ has no effect on NLRP3 inflammasome activation
induced by MSU, SiO, and intracellular LPS. a LPS-primed BMDMs
were treated with various doses of CBZ (10, 20, 40 uM) and then
stimulated with MSU or ATP. Western blot analysis of IL-1 (p17),
caspase-1 (p20) in SN and pro-IL-1p, caspase-1 (p45), NLRP3, ASC
in WCL. Caspase-1 activity, secretion of IL-1p were detected in SN.
b LPS-primed BMDMs were treated with CBZ (40 pM) and then
stimulated with SiO, or ATP. Western blot analysis of IL-1p (p17),
caspase-1 (p20) in SN and pro-IL-1p, caspase-1 (p45), NLRP3, ASC
in WCL. Caspase-1 activity, secretion of IL-1p were detected in SN.
¢ Pam3CSK4-primed BMDMs were treated with various doses of
CBZ (10, 20, 40 pM) and then stimulated with LPS, or LPS-primed
BMDMs were treated with CBZ (40 pM) and then stimulated with
ATP. Western blot analysis of IL-1f (p17), caspase-1 (p20) in SN and
pro-IL-1p, caspase-1 (p45), NLRP3, ASC in WCL. Caspase-1 activ-
ity, secretion of IL-1P were detected in SN. Data are expressed as
mean + SEM (n=3) from three independent experiments with biolog-
ical duplicates in a—c. Statistics differences were analyzed using an
unpaired Student’s 7 test (a—c): ¥**P <0.01, ***P <0.001 vs. the LPS
plus ATP group

mitochondrial superoxide indicator (Invitrogen) (Ex/Em:
510/580 nm) for 20 min and washed twice with HBSS. After
staining and washing, cells were resuspended in HBSS and
flow cytometry were conducted to test mtROS.

Assessment of the effects of LPS/CBZ
cotreatment-induced DILI in vivo

Female mice might be a better model than male mice to
study DILI (Chalasani and Bjornsson 2010). Therefore,
female WT and NLRP3~~ C57BL/6 mice fasted for 24 h
were given LPS (2 mg/kg) or its saline vehicle, iv via a tail
vein. 2 h later, CBZ (50 mg/kg) or sterile phosphate buff-
ered saline vehicle was administered through intraperitoneal
injection. At 6 h after CBZ administration, mice serum and
a fraction of liver samples were collected, and a portion of
each excised liver was fixed in 10% formalin neutral buffer
solution and used for immunohistochemical staining. The
degree of liver injury was assessed by histopathological
staining with hematoxylin and eosin (H&E), TUNEL and the
serum IL-1p, TNF-a, ALT and AST levels. Moreover, liver
homogenate was used to detect the activity of caspase-1 and
secretion of IL-1p after normalization processing of BCA
protein quantification kit (Solarbio, Beijing, China) accord-
ing to the manufacturer’s instructions.

Statistical analyses

Statistical analysis was performed using the software Prism
6 (GraphPad Software, San Diego, CA, US). All experimen-
tal data were expressed as mean + Standard Error of Mean
(SEM). The significant differences were assessed using an
unpaired Student’s ¢ test in two groups and one-way ANOVA
in multiple groups. The differences were considered statisti-
cally significant when P <0.05.

Results

Numerous drugs with the ability to induce IDILI
increase ATP-induced NLRP3 inflammasome
activation

To elucidate the relationship between IDILI and NLRP3
inflammasome, seven drugs with the ability to induce IDILI
(ticlopidine, flucloxacillin, amodiaquine, carbamazepine
(CBZ), isoniazid, nevirapine and dimethyl fumarate) were
chosen for testing (Nicoletti et al. 2017; Real et al. 2019).
LPS pretreatment provides the first signal for NLRP3 inflam-
masome activation by promoting the expression of pro-IL-1f
and NLRP3, and then NLRP3 inflammasome is activated in
response to stimuli, such as ATP, nigericin or SiO,. Whether
these drugs could serve as stimuli to provoke the activa-
tion of inflammasome is unknown. Hence, we treated LPS-
primed BMDMs with the seven drugs for 6 h. The results
showed that amodiaquine could induce NLRP3 inflamma-
some activation when LPS was involved in the priming
phase (Fig. 1a, b), which is consistent with the results of Jack
Uetrecht (Kato and Uetrecht 2017). Moreover, when LPS-
primed BMDMs were pretreated with these drugs before
ATP challenge, we found that amodiaquine, CBZ, isonia-
zid and nevirapine significantly enhanced ATP-induced
caspase-1 activation and IL-1p production (Fig. lc—e). On
the other hand, the production of TNF-a, a cytokine that is
inflammasome independent, was not affected by these drugs
(Fig. 1f). Among them, CBZ showed the most potent effect
on NLRP3 inflammasome activation, and we focused on
investigating the influence of CBZ on NLRP3 inflamma-
some activation and its role in liver injury.

CBZ specifically strengthens NLRP3 inflammasome
activation triggered by ATP and nigericin

Next, we further evaluated the synergistic effect of CBZ,
ATP and LPS on NLRP3 inflammasome activation. Results
showed that BMDMs treated with ATP, CBZ or their com-
bination did not release active caspase-1 and IL-1f in the
absence of priming. CBZ could not induce NLRP3 inflam-
masome activation in LPS-primed BMDMs but did increase
ATP-induced NLRP3 inflammasome activation in LPS-
primed BMDMs (Fig. 2a, Supplementary Fig. 1a). In the
following experiment, we assessed the dose—effect relation-
ship of CBZ on ATP-induced NLRP3 inflammasome activa-
tion. Results showed that treatment of LPS-primed BMDMs
with CBZ enhanced caspase-1 maturation and IL-1f secre-
tion in response to ATP in a dose-dependent manner, but it
had no effect on TNF-a production (Fig. 2b, Supplementary
Fig. 1b). Moreover, CBZ increased ATP-induced caspase-1
cleavage and IL-1f release in wild-type (WT) BMDMs
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«Fig.4 CBZ has no effect on NLRP3-NLRP3 interaction and mito-
chondria damage, but facilitates NLRP3-dependent ASC oligomeri-
zation and ATP/nigericin-induced mtROS production. a LPS-primed
BMDMs were treated with various doses of CBZ (10, 20, 40 pM)
and then stimulated with ATP. Western blot analysis of WCL and
cross-linked cytosolic pellets. b Western blot analysis of WCL and
cross-linked cytosolic pellets of LPS-primed BMDMs treated with
CBZ (40 pM) and then stimulated with ATP, poly (dA: dT), Lfn-
Flic, or Pam3CSK4-primed BMDMs treated with CBZ (40 pM)
and then stimulated with LPS transfection. ¢ Immunoprecipitation
(IP) and immunoblot analysis of the interaction of Flag-NLRP3 and
Myc-NLRP3 in the lysates of HEK-293T cells. d Confocal micros-
copy analysis in LPS-primed BMDMs treated with CBZ (40 pM) and
then left stimulated with ATP, followed by staining with Mitotracker
red and DAPI. e LPS-primed BMDMs were treated with CBZ (20,
40 pM) before stimulated with ATP, nigericin or SiO,. BMDMs were
loaded with MitoSOX red mitochondrial superoxide indicator (Ex/
Em: 510/580 nm). After staining and washing, flow cytometry was
conducted to test mtROS production. f LPS-primed BMDMs were
treated with H,O, and then stimulated with ATP, nigericin or SiO,.
Western blot analysis of IL-1p (p17), caspase-1 (p20) in SN. Data
are expressed as mean+SEM (n=3) from three independent experi-
ments with biological duplicates in e. Statistics differences were ana-
lyzed using one-way ANOVA: #*P <0.05, #P <0.01 vs. the control.
*P <0.05 vs. the ATP or nigericin group

but not in NLRP3™~ BMDM s (Supplementary Fig. 1c-g).
Meanwhile, caspase-1 activation can also directly induce a
distinct form of programmed cell death called pyroptosis,
accompanied by the release of lactate dehydrogenase (LDH),
which is a widely used marker in cytotoxicity studies. In
our study, CBZ enhanced ATP-induced LDH release in WT
BMDMs (Supplementary Fig. 1f), which reflects caspase-
1-dependent pyroptosis. To illuminate the direct hepato-
toxicity of CBZ, we assessed the cell viability in BMDMs
(Supplementary Fig. 2a), and the cultured supernatant ALT
and AST levels in LO2 cells (Supplementary Fig. 2b, c).
Results showed that CBZ alone does not cause cell death in
BMDMs and LO2 cells.

In addition, we also evaluated whether CBZ enhances
nigericin-induced NLRP3 inflammasome activation in
BMDMs and THP-1 cells. Results showed that CBZ also
dose-dependently enhanced caspase-1 maturation, IL-1
secretion and LDH release but had no effect on TNF-a pro-
duction in response to nigericin in LPS-primed BMDMs
(Fig. 2c, Supplementary Fig. 3a, b) and PMA-primed THP-1
cells (Supplementary Fig. 3c—g). In addition to ATP and
nigericin, NLRP3 inflammasome can also be activated by
MSU, SiO, and cytosolic LPS. Unexpectedly, pretreat-
ment with CBZ had no impact on cleaved caspase-1 and
secreted IL-1p triggered by MSU, SiO, and intracellular
LPS (Fig. 3a—c, Supplementary Fig. 4a—c). Next, we also
tested whether CBZ could strengthen AIM2 and NLRC4
inflammasomes activation triggered by poly(dA:dT) and
Lfn-Flic, respectively. Results indicated that CBZ did not
affect caspase-1 activation and IL-1f production in response
to poly(dA:dT) and Lfn-Flic (Supplementary Fig. 4d—g).

These results indicated that CBZ could specifically potenti-
ate NLRP3 inflammasome activation triggered by ATP or
nigericin.

CBZ facilitates ATP-induced ASC oligomerization
but has no effect on the NLRP3 oligomerization
and potassium efflux

In the progression of NLRP3, NLRC4 and AIM2 inflam-
masomes activation, ASC oligomerization is the critical
step for caspase-1 activation; therefore, the effect of CBZ
on ASC oligomerization was assessed. LPS- or Pam3CSK4-
primed BMDMs were treated with CBZ and stimulated with
various stimuli. Then, we crosslinked ASC using disuccin-
imidyl suberate (DSS) and detected ASC oligomerization
using immunoblotting. Consistent with the effects of CBZ
on caspase-1 activation and IL-1f production, CBZ dose-
dependently promoted ASC oligomerization induced by
ATP (Fig. 4a). Nevertheless, CBZ had no impact on ASC
oligomerization induced by poly(dA:dT), Lfn-Flic and cyto-
solic LPS (Fig. 4b). ASC oligomerization is necessary for
all stimuli-induced NLRP3 inflammasome activation, so we
speculated that CBZ acts upstream of ASC oligomerization
to exacerbate ATP or nigericin-induced NLRP3 inflamma-
some activation.

We then investigated whether CBZ could affect the
direct NLRP3-NLRP3 interaction. HEK-293T cells were
transfected with Flag-NLRP3 and Myc-NLRP3 and treated
with CBZ, and then, a co-immunoprecipitation assay was
performed. The results showed that CBZ could not inhibit
the direct NLRP3-NLRP3 interaction in HEK-293T cells
(Fig. 4c), suggesting that CBZ does not directly affect stim-
uli-independent NLRP3 oligomerization in vitro. In addi-
tion, it was noted that potassium efflux is a specific require-
ment for the NLRP3 inflammasome activation (He et al.
2016), while it is dispensable for AIM2 and NLRC4 activa-
tion. We then examined whether CBZ could affect potas-
sium efflux and results indicated that CBZ did not facilitate
potassium efflux triggered by ATP, nigericin, MSU, SiO,
and poly(I:C) (Supplementary Fig. 5a, b). These data sug-
gest that CBZ does not promote ATP- or nigericin-induced
NLRP3 inflammasome activation by modulating potassium
efflux.

CBZ promotes ATP/nigericin-induced NLRP3
inflammasome activation by synergistic induction
of mitochondrial ROS production

Although the roles of oxidative stress and mitochondrial
damage in the activation of NLRP3 inflammasome are still
controversial, most studies have shown that they appear to
be necessary for NLRP3 inflammasome activation (Lugrin
et al. 2014; Mills et al. 2017). Therefore, the effect of CBZ
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on mitochondrial damage was evaluated in the following
experiment. Results showed that mitochondrial damage was
not induced after CBZ treatment alone, and ATP-induced
mitochondrial damage was observed in BMDMs (Fig. 4d).
mtROS is thought to be the important factors in NLRP3
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(p17), caspase-1 (p20) in SN (c). Data are expressed as mean+SEM
(n=3) from three independent experiments with biological duplicates
in b. Statistics differences were analyzed using one-way ANOVA:
*#%P <0.001 vs. the LPS plus ATP group

inflammasome activation. The MitoSOX Red mitochondrial
superoxide indicator assay was used to record the amount of
mtROS production during the course of ATP, nigericin or
Si0, treatment in the presence or absence of CBZ. Results
indicated that mtROS production was not induced after CBZ



Archives of Toxicology (2019) 93:3585-3599

3595

treatment alone. Interestingly, CBZ successfully potenti-
ated mtROS production induced by ATP and nigericin, but
not SiO, (Fig. 4e, Supplementary Fig. 6) in LPS-primed
BMDMs, suggesting that a synergistic increase in ROS pro-
duction is a crucial event in the enhancement effect of CBZ
on NLRP3 inflammasome triggered by ATP and nigericin.
To determine whether the increase in ROS production
could promote NLRP3 inflammasome activation by ATP
or nigericin, LPS-primed BMDMs were pretreated with an
oxidizing agent H,0, before ATP, nigericin or SiO, stimu-
lation. Western blot analysis suggested that H,O, enhanced
caspase-1 cleavage and IL-1f maturation in a certain range
of doses triggered by ATP or nigericin but not SiO, (Supple-
mentary Fig. 7a—c, Fig. 4f). These results indicated that CBZ
promotes ATP/nigericin-induced NLRP3 inflammasome
activation by synergistic induction of mtROS production.

Carbon-carbon double bond and carbonyl group
in the structure of CBZ may contribute to NLRP3
inflammasome hyperactivation

To investigate the relationship between the structure of
CBZ and NLRP3 inflammasome activation, and whether
five CBZ metabolites or other antiepileptic drugs with
structures similar to CBZ (Fig. 5a) have an enhancement
effect on NLRP3 inflammasome activation, we chose two
other antiepileptic drugs (oxcarbazepine and eslicarbazepine
acetate), two synthetic CBZ intermediates (iminostilbene
and iminostilbene carbonyl chloride) and an active CBZ
metabolite (CBZ-10,11-epoxide) to explore the regulatory
effect on NLRP3 inflammasome. LPS-primed BMDMs were
treated with these drugs or ingredients before ATP stimu-
lation. Caspase-1 activity assay and western blot analysis
demonstrated that CBZ and iminostilbene carbonyl chloride
amplified cleaved caspase-1 and mature IL-1f induced by
ATP (Fig. 5b, ¢). The efficacy and safety of eslicarbazepine
acetate, a third-generation antiepileptic drug, have been
established in real-life settings (Gomez-Ibanez et al. 2017).
Our study also confirmed the safety of eslicarbazepine
acetate compared with that of CBZ from the perspective of
activation of NLRP3 inflammasome. Moreover, these results
suggested that the carbon—carbon double bond (C=C) on
the seven-membered ring and the carbonyl group (C=0) on
the nitrogen in the structure of CBZ may be conducive to
strengthening NLRP3 inflammasome activation.

Combination of CBZ and LPS induces liver injury
in WT mice but not in NLRP3 ™~ mice

CBZ specifically promoted ATP/nigericin-induced NLRP3
inflammasome activation in our study, however, whether
the activation of NLRP3 inflammasome is the reason for
hepatic injury induced by CBZ remains to be investigated.

Coexisting inflammation factors, such as LPS, should be
considered as a determinant of susceptibility to IDILI
(Ganey et al. 2004). Therefore, we evaluated the effects of
CBZ on NLRP3 inflammasome activation and its hepato-
toxicity in an LPS-mediated susceptibility mouse model of
IDILI. Results showed that co-treatment with LPS and CBZ
significantly increased serum ALT, AST, IL-1p and TNF-a
levels in WT mice but not in NLRP3 ™'~ mice (Fig. 6a—d).
Moreover, an evident increase in caspase-1 activity in the
livers of WT mice following LPS/CBZ treatment, but not
in the livers of NLRP3~/~ mice (Fig. 6e), suggesting that
NLRP3 inflammasome is necessary for CBZ-induced liver
injury. Histological analysis of mouse liver tissues was per-
formed by H&E staining assay. As illustrated in Fig. 6g, the
livers had no histologic lesions in the control group, CBZ
group, LPS group and all the NLRP3~'~ groups. However,
co-administration of LPS and CBZ in WT mice resulted
in pathological changes, including inflammatory infiltra-
tion and hepatocellular necrosis. Similarly, TUNEL fluo-
rescence staining showed that the apoptotic index increased
significantly when WT mice co-exposed to LPS and CBZ
compared with that in the other groups (Fig. 6f, g). Taken
together, these results suggest that NLRP3 inflammasome
indeed mediates CBZ-induced IDILI.

Discussion

IDILI has become a major clinical challenge because of its
high morbidity, mortality, unpredictable nature, frequent
hospitalization, and need for liver transplantation. Some
drugs with the ability to induce IDILI could induce the
release of DAMPs from hepatocytes, leading to NLRP3
inflammasome activation in macrophages (Kato and Uetre-
cht 2017). However, whether NLRP3 inflammasome is
involved in the occurrence of IDILI remains unclear. In
this study, seven drugs with a relatively high incidence
of IDILI were administered in the presence or absence of
ATP, which is a stimulating factor for activating NLRP3
inflammasome, to evaluate the regulatory effect on NLRP3
inflammasome activation. Except for amodiaquine, none of
them could directly activate NLRP3 inflammasome without
ATP treatment, which indicated that these drugs could not
directly serve as stimuli to activate NLRP3 inflammasome.
Four drugs (amodiaquine, CBZ, isoniazid and nevirapine)
could obviously promote NLRP3 inflammasome activation
induced by ATP. These results suggest that the mechanism of
liver injury induced by these four drugs may have something
in common. Our research may provide a simple method to
study the mechanism of IDILI and even predict which drug
candidates are likely to cause such adverse reactions.
Among the four drugs that could promote the activation
of NLRP3 inflammasome in the presence of ATP, CBZ had
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«Fig. 6 Early liver injury and inflammatory mediator production after
LPS/CBZ cotreatment. a—g Wild type (WT) and NLRP3~/~ female
C57BL/6 mice were pretreated with LPS (2 mg/kg) through the tail
vein. 2 h later, intraperitoneally CBZ (50 mg/kg, n==6) injection was
conducted. 6 h after CBZ injection, serum levels of ALT (a), AST
(b), IL-1p (c), TNF-a (d) were measured by assay kit, caspase-1
activity (e) in the livers was detected after BCA protein quantifica-
tion and normalization processing. H&E staining (g), TUNEL stain-
ing (g, f) were conducted to observe liver injury and apoptosis. Data
are shown mean+SEM. Statistics differences were analyzed using
one-way ANOVA: P <0.05, #P <0.01, ¥ P <0.001 vs. the WT con-
trol group. *P<0.05, **P<0.01, ***P<0.001 vs. WT LPS group.
Ap<0.05,444P<0.01 vs. the WT LPS plus CBZ group

the most potent effect on NLRP3 inflammasome activation.
Moreover, CBZ is widely used as an antiepileptic agent
and could cause Stevens Johnson Syndrome/toxic epider-
mal necrolysis (SJS/TEN) with rare but severe liver injury
in humans (Chalasani et al. 2015; Tangamornsuksan et al.
2013). A current research pointed out that the activation of
inflammasomes may be an important step in the immune
system activation by CBZ, which can lead to hypersensi-
tivity reactions (Kato et al. 2019). In addition, a finding
uncovered that CBZ-10,11-epoxide, the main metabolite of
CBZ, induces NLRP3 inflammasome activation in SJS/TEN
keratinocytes(Zhang et al. 2018a). So, it is apparent to us
that NLRP3 inflammasome is involved in the occurrence of
CBZ-induced idiosyncratic drug reactions. Therefore, the
effect of CBZ on NLRP3 inflammasome activation and liver
injury as well as the related mechanism was evaluated in this
study. Surprisingly, we observed that CBZ could specifi-
cally reinforce NLRP3 inflammasome activation induced by
ATP or nigericin but not MSU, SiO,, and intracellular LPS.
Furthermore, CBZ did not promote the activation of AIM2
and NLRC4 inflammasomes triggered by poly(dA:dT) and
Lfn-Flic, respectively. CBZ specifically amplified ATP or
nigericin-induced the activation of NLRP3 inflammasome,
suggesting that CBZ enhances the susceptibility of IDILI
in patients with ATP or nigericin-related diseases, which
are potential risk factors for IDILI. Nevertheless, underly-
ing NLRP3 inflammasome-driven diseases, such as MSU-
induced gout and Si0O,-induced silicosis, may not be risk
signals of CBZ-induced liver injury.

The non-hepatotoxic dose of LPS, which evokes mild
concurrent inflammation in animals that may mimic the
preconditions of human IDILI, has been successfully vali-
dated by a variety of drugs with the potential to induce
IDILI (Buchweitz et al. 2002; Luyendyk et al. 2003, 2004).
In addition, LPS can directly activate NLRP3 inflamma-
some in vivo (Kayagaki et al. 2011; Lamkanfi and Dixit
2014). To evaluate the hypothesis that CBZ induces liver
injury by reinforcing specific stimuli-induced NLRP3
inflammasome activation, we analyzed the effects of CBZ
on hepatotoxicity and NLRP3 inflammasome in an LPS-
mediated susceptibility mouse model of IDILI. Our results

demonstrated that LPS or CBZ alone did not lead to liver
injury in WT and NLRP3~'~ mice, while the combination
of CBZ and LPS induced liver injury in WT mice but not
NLRP3~'“mice. Moreover, CBZ significantly increased
LPS-mediated NLRP3 inflammasome activation in WT
mice, indicating that CBZ could induce hepatotoxicity via
promoting NLRP3 inflammasome activation in vivo. Pre-
vious studies have also shown that the inherited variant of
the HLA-B gene, HLA-B* 15:02, confers susceptibility to
CBZ-induced SJS/TEN?%!. The evidence also suggests that
CBZ may synergistically interact with other risk factors
associated with the body, such as genetic polymorphisms
and NLRP3 inflammasome activation-related underlying
diseases, to contribute to influencing CBZ susceptibility
to hepatotoxicity.

To elucidate the relationship between the structure of
CBZ and NLRP3 inflammasome activation, two antiepi-
leptic drugs (oxcarbazepine and eslicarbazepine acetate),
two synthetic CBZ intermediates (iminostilbene and imi-
nostilbene carbonyl chloride) and an active CBZ metabo-
lite (CBZ-10,11-epoxide) were further evaluated in an
ATP-induced NLRP3 inflammasome activation model.
Oxcarbazepine and eslicarbazepine acetate could not pro-
mote caspase-1 cleavage and IL-1p maturation, which may
explain why the second- or third-generation antiepileptic
drugs have an advantage over CBZ. On the other hand,
CBZ-10,11-epoxide, widely considered to be the active
constituent involved in CBZ-induced liver injury, could not
regulate NLRP3 inflammasome activation, suggesting that
CBZ-10,11-epoxide-induced liver injury may have nothing
to do with promoting activation of NLRP3 inflammasome.
CBZ and iminostilbene carbonyl chloride could enhance the
activation of NLRP3 inflammasome. Both of them contain
the “C=C" on the seven-membered ring and “C=0" on the
nitrogen, which hinted that CBZ analogues containing these
functional groups may strengthen the activation of NLRP3
inflammasome.

It has been demonstrated that NLRP3 inflammasome acti-
vation leads to the increase of pro-inflammatory factors and
infiltrating monocytes/macrophages and neutrophils (Kubes
and Mehal 2012; You et al. 2006), which contributes to
liver injury under certain circumstances (Honda et al. 2013;
Oliveira et al. 2018; Petrasek et al. 2012; Tilg et al. 2016).
Moreover, NLRP3 inflammasome activation leads to pyrop-
tosis (He et al. 2016), this distinct form of programmed cell
death mediates the development of liver injury (Chen et al.
2016; Geng et al. 2015; Zhang et al. 2018b). In addition, one
of important upstream signaling of NLRP3 inflammasome
activation is ROS production (Minutoli et al. 2016; Zhou
et al. 2011), which can lead to mitochondrial dysfunction
through an intracellular oxidant stress in hepatocytes lead-
ing mainly to oncotic necrosis and less apoptosis (Jaeschke
2011; Schwabe and Brenner 2006). Our study demonstrates
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that CBZ enhances NLRP3 inflammasome mediated IL-1f
maturation, monocytes/macrophages or neutrophils infiltra-
tion and pyroptosis by synergistic induction of mitochon-
drial ROS production, and the combination of CBZ and LPS
induces liver injury in WT mice but not in NLRP3~/~ mice.
Therefore, our results provided novel insights on CBZ-trig-
gered idiosyncratic hepatotoxicity that CBZ induced liver
inflammation and hepatocyte necrosis through enhancing
NLRP3 inflammasome activation.
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