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Negative regulation of pro-apoptotic AMPK/JNK pathway by
itaconate in mice with fulminant liver injury
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Accumulating evidence indicates that metabolic responses are deeply integrated into signal transduction, which provides novel
opportunities for the metabolic control of various disorders. Recent studies suggest that itaconate, a highly concerned bioactive
metabolite catalyzed by immune responsive gene 1 (IRG1), is profoundly involved in the regulation of apoptosis, but the underlying
mechanisms have not been fully understood. In the present study, the molecular mechanisms responsible for the apoptosis-
modulatory activities of IRG1/itaconate have been investigated in mice with lipopolysaccharide (LPS)/D-galactosamine (D-Gal)-
induced apoptotic liver injury. The results indicated that LPS/D-Gal exposure upregulated the level of IRG1 and itaconate. Deletion
of IRG1 resulted in exacerbated hepatocytes apoptosis and liver injury. The phospho-antibody microarray analysis and immunoblot
analysis indicated that IRG1 deletion enhanced the activation of AMP-activated protein kinase (AMPK)/c-jun-N-terminal kinase (JNK)
pathway in LPS/D-Gal exposed mice. Mechanistically, IRG1 deficiency impaired the anti-oxidative nuclear factor erythroid-2 related
factor 2 (Nrf2) signaling and then enhanced the activation of the redox-sensitive AMPK/JNK pathway that promotes hepatocytes
apoptosis. Importantly, post-insult supplementation with 4-octyl itaconate (4-Ol), a cell-permeable derivate of itaconate, resulted in
beneficial outcomes in fulminant liver injury. Therefore, IRG1/itaconate might function as a negative regulator that controls AMPK-

induced hepatocyte apoptosis in LPS/D-Gal-induced fulminant liver injury.
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INTRODUCTION

The uncontrolled hepatocyte apoptosis is a crucial pathological
event involved in the development of various hepatic disorders [1,
2]. The fate of the hepatocytes is tightly regulated by a series of
pro-apoptotic and anti-apoptotic signal pathways, which have
been extensively investigated [3, 4]. Recently, a growing number
of evidence indicates that the metabolic responses are deeply
integrated into the regulation of apoptosis as well as other cellular
events [5-7], which might provide new opportunities for the
pharmacological intervention of hepatocytes apoptosis in hepatic
disorders [8, 9].

In addition to energy supply and chemical support, metabolic
responses also generate a lot of bioactive metabolites that are
actively involved in signal transduction [10]. ltaconate is a by-
product of the Krebs cycle, which is catalyzed by aconitate
decarboxylase, also known as immune responsive gene 1 (IRG1)
[11, 12]. Increasing evidence suggests that itaconate modulates
several signal pathways involved in oxidative stress and inflam-
matory response [13-15]. In addition, itaconate is profoundly
involved in the regulation of apoptosis in osteoblasts, neuronal
cells, and endothelial cells [16-18], but the underlying mechan-
isms have not been fully elucidated.

Massive hepatocytes apoptosis is a typical feature of lipopoly-
saccharide (LPS)/D-galactosamine (D-Gal)-induced fulminant liver
injury in mice, a well-established animal model for the investiga-
tion of dysregulated apoptosis of hepatocytes [19, 20]. In the
present study, the expression of IRG1 and the production of
itaconate were determined in mice with LPS/D-Gal-induced
fulminant liver injury. And then, the significance of IRG1/itaconate
in apoptotic liver injury was investigated in IRG1 knockout mice,
and the underlying mechanisms were investigated with a signal
pathway antibody microarray. Finally, 4-octyl itaconate (4-Ol), a
cell-permeable derivate of itaconate [14, 21], was supplemented,
and its potential pharmacological value in the intervention of
apoptotic liver injury was investigated.

METHODS

Reagents

Lipopolysaccharide (from Escherichia coli, 055:B5) and D-galactosamine
were from Sigma (St. Louis, MO, USA). 4-octyl itaconate (4-Ol) was
purchased from Cayman Chemical (Ann Arbor, Michigan, USA). The
alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
assay kits were the products of Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The caspase-3, -8, -9 colorimetric assay kits and
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the total protein extraction kit were from the Beyotime Institute of
Biotechnology (Jiangsu, China). The AMP-activated protein kinase
(AMPK) activator A-769662,
8-hydroxy-2-deoxy Guanosine (8-OH-dG), glutathione assay kit and
thiobarbituric acid reactive substances (TBARS) assay kits were pur-
chased from Cayman Chemical (Ann Arbor, Michigan, USA). Mouse Direct
PCR Kit (for genotyping) was purchased from Bimake (Houston, Texas,
USA). The antibodies for immune responsive gene 1 (IRG1, #17805S),
AMPK (#5831T), phosphorylated AMPK (#2535S), c-jun-N-terminal kinase
(JNK, #92525S), phosphorylated JNK (#4668T), cleaved caspase-3 (#9664S),
B-actin (#3700S), HRP-linked anti-mouse (#7076S) and anti-rabbit
(#7074S) antibodies were purchased from Cell Signaling Technology
(Danvers, MA, United States). The antibodies for nuclear factor erythroid-
2 related factor 2 (Nrf2, #16396-1-AP), heme oxygenase 1 (HO-1, #81281-
1-RR) and NAD(P)H quinone oxyreductase (NQO1, #11451-1-AP) were
purchased from Proteintech (Wuhan, China). The BCA protein assay kit
and the enhanced chemiluminescence (ECL) reagents were produced by
Thermo Fisher Scientific (Rockford, IL, USA).

Mice

Male C57BL/6 mice (6-8 weeks old with a body weight of 18-22 g) were
purchased from the Experimental Animal Center of Chongqing Medical
University. IRG1"™/~ mice were obtained from Cyagen Biosciences Inc.
(Guangzhou, China) and self-mated to generate IRG1~’~ homozygous mice
(IRG1 KO) and wild-type control mice. Both Alb-Cre and Nrf2 floxed (Nrf2"™
mice were bought from the Jackson Laboratory. Hepatocyte-specific Nrf2 ™/~
(Nrf2"“°) mice were produced by backcrossing Nrf2” and Alb-Cre mice. All
mice were housed under specific pathogen-free conditions with controlled
temperature and a 12 h light/dark cycle. Mice with sex, age (6-8 weeks old)
and weight-matched (18-22q) littermates were randomly allocated into
different groups in experiments with no animal exclusion criteria. The sample
size of each experiment was chosen based on previous experimental
observations and indicated in the figure legend. All procedures involving
animal subjects were performed in accordance with the Animal Research:
Reporting of in vivo Experiments (ARRIVE) guidelines under the approval of
the Ethics Committee of Chongqing Medical University.

Experimental protocol

Fulminant liver injury was induced in mice by intraperitoneal injection of
LPS (10 pg/kg) combined with D-Gal (700 mg/kg). To determine the level of
IRG1 in liver tissue, the LPS/D-Gal-challenged mice were sacrificed at O h,
2h, 4h and 6h post LPS/D-Gal exposure, the liver samples and serum
samples were collected for the determination of IRG1 level and itaconate
content, respectively. To investigate the cellular distribution of IRG1,
hepatocytes and non-parenchymal cells were separated from the liver
samples collected 6 h post LPS/D-Gal exposure, and the level of IRG1 was
determined.

To investigate the potential roles of IRG1 in LPS/D-Gal-induced fulminant
liver injury, wild-type and IRG1 KO mice were exposed to LPS/D-Gal. The
animals were sacrificed at 6 h after LPS/D-Gal injection, and the liver
samples and serum samples were collected for further experiments.

To investigate the potential significance of itaconate in LPS/D-Gal-
induced fulminant liver injury, vehicle or 4-octyl itaconate (4-Ol, 200 mg/kg,
dissolved in DMSO) was administered intraperitoneally in LPS/D-Gal-
challenged IRG1 KO mice. The animals were sacrificed at 6 h after LPS/D-
Gal injection, and the liver samples and serum samples were collected for
further experiments.

To investigate whether AMPK is involved in the hepatoprotective effects
of 4-0l, A-769662 (30 mg/kg, dissolved in normal saline, i.p), an AMPK
activator [22], was co-administered with 4-Ol in C57BL/6 mice with LPS/D-
Gal-induced liver injury. The animals were sacrificed at 6 h after LPS/D-Gal
injection, and the liver samples and serum samples were collected for
further experiments.

To investigate the potential roles of Nrf2 in mediating the protective
benefits of itaconate, vehicle or 4-Ol was administered intraperitoneally in
LPS/D-Gal-challenged Nrf2"" mice or Nrf2"“© mice. The animals were
sacrificed at 6 h after LPS/D-Gal injection, and the liver samples and serum
samples were collected for further experiments.

To investigate the therapeutic potential of 4-Ol, vehicle or 4-Ol was
administered intraperitoneally 1.5h post LPS/D-Gal exposure in C57BL/6
mice. The first set of animals was sacrificed at 6 h after LPS/D-Gal injection,
and the liver samples and serum samples were collected for further
experiments. Another set of animals was allocated, the survival of the

SPRINGER NATURE

experimental animals was recorded every 6 h for 7 days, and the survival
rate of the mice was analyzed by the Kaplan-Meier curve.

Gene Expression Omnibus (GEO) datasets analysis

To investigate the potential association between IRG1 and LPS/D-Gal-
induced fulminant liver injury, a dataset GSE190823, containing the gene
expression profiling data of liver samples from three normal mice and
three mice with LPS/D-Gal-induced fulminant liver injury was downloaded
from Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/).
Differentially expressed genes (DEGs) were screened with P-value < 0.05
and |log2FC| > 1 by using Sangerbox 3.0 (http://vip.sangerbox.com/).

Separation of hepatocytes and nonparenchymal cells

Primary hepatocyte isolation and separation were performed by the two-
step in-situ-circulating perfusion method, as reported previously [23].
Briefly, the mice were anesthetized, and the abdominal cavity was opened
to expose the liver portal vein. The liver tissue was perfused with 0.05%
collagenase (type VI; Sigma) through the portal vein for 20 min at 37 °C.
Then, the liver tissue was excised, cut into small pieces, and pressed
through a 70 um nylon cell strainer. Finally, hepatocytes were separated
from nonparenchymal cells by differential centrifugation.

Determination of itaconate

The level of itaconate in the liver tissue was analyzed using an LC-MS/MS
system as described previously [24]. Briefly, the supernatant was collected,
50mg of the liver sample was homogenized with 1ml of ice-cold
methanol/water (80%, v/v), and the mixture was centrifuged at 12,000 rom
at 4 °C for 10 min. Subsequently, the obtained supernatant was dried under
vacuum and then reconstituted in 0.1 ml solution [methanol/water/formic
acid (15%:85%:0.1%)], which was centrifuged at 12,000 rpm for 10 min at
4°C again to precipitate particulate matter. The supernatant was used for
LC-MS/MS analysis, and two internal standards, itaconate and itaconic
Acid-"3C5,d4, were used to monitor the extraction efficiency.

Real-time PCR

The details of the real-time PCR analysis were performed according to the
MIQE guidelines. Total RNA from liver samples was extracted with the
SteadyPure Quick RNA Extraction Kit (Accurate Biology) according to the
manufacturer’s instructions, and the samples were stored at —80°. The purity
of total RNA (A,60/Az50) Was determined with NanoPhotometer N50 (IMPLEN).
Isolated RNA was reverse-transcribed to cDNA using Evo M-MLV RT Mix Kit
with gDNA Clean in accordance with the manufacturer’s instructions
(Accurate Biology). The reaction volume for real-time PCR contained 2 pl of
cDNA, 04 ul of each primer, 10l of 2X SYBR Green Pro TagHS Premix
(Accurate Biology) and RNase-free water for a total reaction volume of 20 pl.
Real-time PCR was performed with CFX Connect equipment (BIO-RAD) with
the following programs: pre-denaturation at 95 °C for 30, denaturation at
95 °C for 5 s (40 cycles), annealing at 60 °C for 30's, and extension at 65 °C for
5s. Finally, 95°C for 50 s was performed for melting curve acquisition. The
primer pairs for IRG1 (forward: 5’-3": GCA ACA TGA TGC TCA AGT CTG and
reverse: 5-3: TGC TCC TCC GAA TGA TAC CA) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (forward: 5’-3": TGT CCG TCG TGG ATC
TGA C and reverse: 5’-3": CCT GCT TCA CCA CCT TCT TG) were synthesized by
Sangon Biotech (Shanghai, China). All samples were assayed in duplicate, the
relative mRNA expression was normalized to GAPDH, and the results were
assessed according to the 2724 method.

Western blot

The mouse livers were homogenized on ice in a lysis buffer (containing
RIPA, EDTA, protease inhibitors and phosphatase inhibitors) to prepare
tissue lysates. The lysates were centrifuged at 12,000 rpm for 10 min at 4 °C
to collect the supernatant. The concentration of total protein was
quantified by BCA assay. Samples were separated by electrophoresis on
7.5-12.5% SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were blocked for 2 h at room temperature with 5% low-fat
milk in TBS with 0.05% Tween-20 (TBST) and then incubated with indicated
primary antibodies at 4°C overnight. After incubation for 2h at room
temperature with the secondary antibody, the membranes were washed
three times in TBST and exposed to the ChemiDoc Touch Imaging System
(Bio-Rad). Relative quantification of band intensities was carried out using
ImageJ software (US National Institutes of Health).
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Determination of transaminase

Serum samples were collected and analyzed for alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels with ALT and AST assay
kits according to the manufacturer’s instructions (Nanjing Jiancheng).

H&E and TUNEL staining

Liver tissues were fixed in a 4% paraformaldehyde solution. Liver
sections (4 um) were stained with hematoxylin and eosin (H&E). TUNEL
staining was performed according to the manufacturer’s instructions
(Roche). The TUNEL-positive apoptotic hepatocytes were counted at
400 magnification.

Determination of the activity of caspases

The activities of caspase 3, caspase 8 and caspase 9 in liver tissue were
measured using the caspase 3 colorimetric assay kit, caspase 8 colorimetric
assay kit and caspase 9 colorimetric assay kit following the manufacturer’s
instructions (Beyotime). Results were normalized by the total protein
concentration of the supernatant.

Determination of oxidative stress

The degree of lipid peroxidation in liver tissue was determined by
Thiobarbituric Acid Reactive Substances (TBARS) assay kit from Cayman
Chemical according to the protocol provided by the supplier. The protein
concentration of the supernatant was determined by the BCA Protein
Assay kit and used to normalize the TBARS content. In addition, the ratio of
oxidized glutathione to glutathione (GSSG/GSH) was determined by
Glutathione Assay Kit from Cayman Chemical according to the manufac-
turer’s instructions. For measures of DNA damage, the level of 8-hydroxy-2-
deoxy Guanosine (8-OH-dG) in serum was performed by using DNA/RNA
Oxidative Damage ELISA Kit from Cayman Chemical, according to the
manufacturer’s protocol. The intensity measured was proportional to the
amount of 8-OH-dG.

Phospho-antibody microarray analysis

The signal pathway antibody microarray (CSP100 plus, Full Moon
BioSystems) was used to analyze the potential signal pathway underlying
the exacerbated liver injury in IRG1 KO mice. The antibody microarray
consists of 304 antibodies, including 157 antibodies for phosphorylated
proteins and 147 antibodies for unphosphorylated proteins involved in
16 signal pathways. Enrichment analysis of the data was performed using
Sangerbox (http://sangerbox.com/).

Statistical analysis

All data are expressed as mean and standard deviation (mean + SD).
Statistical analyses were performed with GraphPad Prism (Version:
8.0.1). The t-test was used to determine the difference between the
means of the two groups. For multiple comparisons among means, the
data were analyzed using one-way ANOVA with Tukey’s post hoc test.
The survival analysis was performed using a Kaplan-Meier curve and
log-rank test. The P-value <0.05 was considered to be statistically
significant.

RESULTS

LPS/D-Gal-induced upregulation of IRG1 in liver

To investigate the potential association between IRG1 and LPS/
D-Gal-induced liver injury, the expression profiling data from the
NCBI GEO database (GSE190823) was analyzed. There is a total of
4042 differentially expressed genes (DEGs) in the liver after LPS/
D-Gal exposure, including 1719 downregulated DEGs and 2323
upregulated DEGs (Fig. 1A), and IRG1 is one of the most highly
upregulated genes (Fig. 1B). Consistently, the present study
found that LPS/D-Gal exposure significantly upregulated the
mRNA and protein levels of IRG1 in the liver (Fig. 1C, D). To
further investigate the cellular distribution of IRG1, hepatocytes
and non-parenchymal cells were separated, and the immuno-
blot analysis found that LPS/D-Gal induced upregulation of IRG1
in both hepatocytes and non-parenchymal cells, but the level of
IRG1 in hepatocytes was much higher than that in non-
parenchymal cells (Fig. 1E).
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Deletion of IRG1 aggravates LPS/D-Gal-induced fulminant
liver injury

To investigate the potential significance of upregulated IRG1, IRG1
knockout (KO) mice and wild-type (WT) mice were produced
(Supplementary Fig. 1A, B). In IRGT KO mice challenged with LPS/
D-Gal, the induction of IRG1 was abolished (Supplementary Fig.
1C, D). Deletion of IRG1 did not result in the elevation of
aminotransferases in serum in vehicle-treated mice (Fig. 2A), but
the elevation of ALT/AST was higher in IRG1 KO mice than that in
WT mice after LPS/D-Gal exposure (Fig. 2A). In histological
examination, deletion of IRG1 did not result in any obvious
histological abnormalities in vehicle-treated mice, the morphology
of liver cells in IRG1 KO mice was regular, and the hepatocyte was
arranged neatly, without obvious steatosis, degeneration or
inflammatory cell infiltration (Fig. 2B). However, LPS/D-Gal induced
more severe histological abnormalities in the liver of IRG1 KO mice
(Fig. 2B).

The anti-inflammatory activities of IRG1 have been well-
documented [25]. The present study also found that the deletion
of IRG1 further increased the serum levels of TNF-a and IL-6 in
LPS/D-Gal-insulted mice (Supplementary Fig. 2A, B). Massive
hepatocyte apoptosis has been suggested as a typical feature of
LPS/D-Gal-induced fulminant liver injury [19]. The present study
found that deletion of IRG1 did not result in any significant
alteration of caspase cascade in vehicle-treated mice (Fig. 2C-E).
However, the activation of the caspase cascade (Fig. 2C), the
cleavage of caspase-3 (Fig. 2D), and the abundance of TUNEL-
positive cells (Fig. 2E) were all enhanced in IRG1 KO mice with LPS/
D-Gal exposure. These results indicate that IRGT might function as
a protective enzyme in LPS/D-Gal-induced fulminant liver injury.

IRG1 deficiency promotes hepatocyte apoptosis via enhancing
AMPK/JNK activation

To investigate the potential mechanisms underlying the aggra-
vated liver injury in IRG1 KO mice, a signal pathway antibody
microarray (CSP100 plus) was used to identify the potential
signaling pathways. The antibody microarray analysis found that
the levels of 19 phosphorylated proteins were upregulated, and
the levels of 14 phosphorylated proteins were downregulated in
IRG1 KO mice, as compared to those in WT mice (Fig. 3A, B).
Interestingly, enrichment analysis indicated that AMP-activated
protein kinase (AMPK) signaling pathway might be involved in the
aggravated liver injury in IRG1 KO mice (Fig. 3C). Immunoblot
analysis indicated that LPS/D-Gal-induced phosphorylation of
AMPK was significantly enhanced in IRGT KO mice (Fig. 3D).
Previous studies found that c-jun-N-terminal kinase (JNK) was a
major downstream target responsible for the pro-apoptotic
property of AMPK in LPS/D-Gal-induced fulminant liver injury
[22]. In the present study, IRG1 deletion also resulted in enhanced
phosphorylation of JNK in LPS/D-Gal-exposed mice (Fig. 3D).
These data suggested that the activation of AMPK/JNK might be
negatively regulated by IRG1.

To investigate the significance of the AMPK/JNK pathway in the
exacerbated liver injury in IRG1 KO mice, a widely used AMPK
inhibitor, compound C [26], or SP600125, a widely used JNK
inhibitor [27], was administered in IRG1 KO mice exposed to LPS/
D-Gal. The result indicated that treatment with compound C or
SP600125 resulted in decreased phosphorylation levels of AMPK
and/or JNK in LPS/D-Gal-challenged IRG1 KO mice (Supplementary
Figs. 3A and 4A). In addition, the enhanced cleavage of caspase-3
and activation of caspase cascade, the increased abundance of
TUNEL-positive cells, the exacerbated elevation of ALT and AST,
and the aggravated induction of histological abnormalities in LPS/
D-Gal-challenged IRG1 KO mice were reversed by compound C or
SP600125 (Supplementary Figs. 3A-E and 4A-E). Thus, the
enhanced activation of the AMPK/JNK pathway might be crucial
molecular events that are pathologically involved in the aggrava-
tion of liver injury in IRG1 KO mice.
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were determined (n = 4). All data were expressed as mean = SD.

IRG1 deficiency enhances AMPK/JNK activation via the
reduction of itaconate production

We then questioned whether deletion of IRG1 enhances AMPK/JNK
activation and exacerbates liver injury via reduction of itaconate
production. Consistent with the upregulation of IRG1, the produc-
tion of itaconate increased after LPS/D-Gal exposure (Fig. 4A). In
IRG1 KO mice, the level of itaconate could hardly be detected
(Fig. 4B). Supplementation with 4-OlI, a cellular permeable derivate of
itaconate [14, 21], resulted in suppressed phosphorylation of AMPK
and INK in LPS/D-Gal-challenged C57BL/6 mice (Fig. 4C). Consis-
tently, supplementation with 4-Ol also reversed the enhanced
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AMPK/JNK phosphorylation in LPS/D-Gal-challenged IRG1 KO mice
(Fig. 4C), suggesting that the activation of AMPK/JNK pathway in
liver injury would be negatively modulated by itaconate. Treatment
with 4-Ol alone has little effect on caspase-3 activity or ALT/AST level
(Supplementary Fig. 5A, B), while supplementation with 4-Ol in both
WT and IRG1 KO mice suppressed LPS/D-Gal-induced cleavage of
caspase-3, activation of caspase cascade, presence of TUNEL-positive
apoptotic cells, induction of histological abnormalities and elevation
of ALT/AST (Fig. 4C-G). These results suggest that reduced
production of itaconate might be involved in the aggravated liver
injury in IRG1 KO mice.
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To further investigate the pathological association between
AMPK and itaconate, A-769662, an AMPK activator [22], was co-
administered with 4-Ol in LPS/D-Gal-challenged C57BL/6 mice. As
expected, co-administration of A-769662 reversed the suppressive
effects of 4-Ol on AMPK/JNK phosphorylation (Fig. 5A). In addition,
the alleviated hepatic apoptosis and the histological abnormalities
in 4-Ol-treated mice were abolished by A-769662 (Fig. 5A-E).
These results suggest that suppression of the AMPK/JNK pathway
might be responsible for the anti-apoptotic benefits of itaconate
in mice with LPS/D-Gal-induced liver injury.

IRG1/Itaconate modulates liver injury in an Nrf2-dependent
manner

Previous studies have found that the anti-oxidative nuclear factor
erythroid-2 related factor 2 (Nrf2) is a main target responsible for
the bioactivities of itaconate [21]. In the present study, the
aggravated liver injury in IRG1 KO mice was associated with a
higher level of TBARS, a widely used marker of oxidative stress
[28], a higher ratio of GSSG/GSH, and a higher level of 8-OH-dG, a
biomarker of oxidative DNA damage [29] (Fig. 6A). Exposure to
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LPS/D-Gal also resulted in decreased levels of Nrf2 and its
downstream targets, including HO-1 and NQO1 in IRG1 KO mice
(Fig. 6B). Treatment with 4-Ol alone has little effect on hepatic
TBARS, GSSG/GSH and 8-OH-dG (Supplementary Fig. 5C), while
supplementation with 4-Ol suppressed LPS/D-Gal-induced eleva-
tion of TBARS, GSSG/GSH and 8-OH-dG in both WT and IRG1 KO
mice (Fig. 6C). In addition, supplementation with 4-Ol in IRG1 KO
mice significantly reversed LPS/D-Gal-induced reduction of Nrf2,
HO-1, and NQOT1 in liver (Fig. 6D), suggesting that the suppressed
Nrf2 signaling and enhanced oxidative stress might be associated
with the deficiency of itaconate in IRG1 KO mice.

Because IRG1 is mainly upregulated in hepatocytes (as shown in
Fig. 1E), the hepatocyte-specific Nrf2 knockout mice (Nrf2"“°) were
produced to investigate the significance of hepatic Nrf2 in the anti-
apoptotic benefits of itaconate (Supplementary Fig. 6A-C). The ALT
and AST levels in serum and the histological structure of the liver in
Nrf2"° mice were comparable to those in Nrif2"" mice (Supplemen-
tary Fig. 6D, E). Interestingly, treatment with 4-Ol resulted in a
decreased level of TBARS and suppressed elevation of ALT in Nrf2™f
mice (Fig. 7A, B), but 4-Ol failed to attenuate oxidative stress, suppress
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ALT elevation, or alleviate histological abnormalities in Nrf2"° mice
(Fig. 7A-Q). In addition, the suppressive effects of 4-Ol on AMPK/JNK
signaling and caspase-3 activation were absent in Nrf2"“° mice (Fig.
7D, E). Therefore, the anti-apoptotic effects of 4-Ol in the present
study might depend on the activation of Nrf2 in hepatocytes.

SPRINGER NATURE

To further investigate the significance of oxidative stress in the
enhanced activation of AMPK and exacerbated liver injury in IRG1 KO
mice, N-acetylcysteine (NAC), a representative antioxidant [30], was
administered in IRG1 KO mice with LPS/D-Gal exposure. As expected,
supplementation with NAC significantly decreased the level of TBARS,
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GSSG/GSH and 8-OH-dG in LPS/D-Gal-challenged IRG1 KO mice
(Supplementary Fig. 7A). Supplementation with NAC also resulted in
compromised AMPK/INK signaling (Supplementary Fig. 7B). In
addition, the cleavage of caspase-3 and the activation of caspase
cascade, the increase of TUNEL-positive cells, the elevation of ALT and
AST, and the induction of histological abnormalities were suppressed
by NAC (Supplementary Fig. 7B-F). Thus, the enhanced oxidative
stress might be crucial for the enhanced AMPK/JNK activation and the
aggravated apoptotic liver injury in IRG1 KO mice.

Cell Death and Disease (2023)14:486

Post-insult supplementation with 4-Ol alleviates LPS/D-Gal-
induced fulminant liver injury

To investigate the pharmacological potential of the itaconate-AMPK
pathway, 4-Ol was administered post LPS/D-Gal exposure. The results
indicated that post-insult supplementation with 4-Ol upregulated
Nrf2, HO-1 and NQO?1 but decreased the level of TBARS, GSSG/GSH
and 8-OH-dG (Fig. 8A, B). Post-insult supplementation with 4-Ol also
suppressed the phosphorylation of AMPK and JNK (Fig. 8C). Most
importantly, post-insult supplementation with 4-Ol suppressed the
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Fig. 7 The anti-apoptotic benefits of 4-octyl itaconate depended on hepatic Nrf2. A-E Nrf2™" or Nrf2"K° mice with fulminant liver injury
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determined (n = 4). E The hepatic activity of caspase-3 was determined (n = 8). All data were expressed as mean + SD.

cleavage of caspase-3 and the activation of caspase cascade, the
induction of TUNEL-positive cells, the elevation of ALT and AST, the
development of histological abnormalities and improved the survival
rate of LPS/D-Gal-challenged mice (Fig. 8C-H). Thus, 4-Ol might have
potential pharmacological value for the therapy of fulminant liver

injury.

DISCUSSION
An increasing number of evidence suggests that IRG1-catalyzed
generation of itaconate functions as a protective metabolic event
under pathological circumstances [25]. Previous studies have
found that IRG1/itaconate protected experimental animals from
allergic asthma, pulmonary fibrosis, and ischemia-reperfusion
injury [23, 31, 32]. In the present study, we found that the
expression of IRG1 and its product itaconate were significantly
increased in mice with LPS/D-Gal-induced fulminant liver injury.
Deletion of IRGT resulted in exacerbated hepatocytes apoptosis
and aggravated liver injury in mice, but supplementation of 4-Ol
attenuated liver injury. Therefore, the upregulation of IRG1/
itaconate might be a novel metabolic mechanism that protects
hepatocytes from apoptosis in fulminant liver injury.

The electrophilic a, B-unsaturated carboxylic acid group within
itaconate directly modifies the cysteine residues on several

SPRINGER NATURE

proteins involved in signal transduction and metabolic reactions
[13, 14]. Kelch-like ECH-associated protein 1 (KEAP1), the master
regulator of Nrf2, is one of the major targets responsible for the
protective benefits of itaconate [21, 33]. Modification of KEAP1 by
itaconate prevented Nrf2 from degradation through the ubiquitin-
proteasome system, which led to the activation of the Nrf2
antioxidant pathway [21]. Previous studies have found that
oxidative stress plays an essential role in the induction of
hepatocyte apoptosis in LPS/D-Gal-challenged mice [34, 35].
Nrf2 is a major regulator of redox balance, which protects the
hepatocytes under various pathological circumstances [36-38]. In
the present study, the deletion of IRG1 resulted in suppressed
activation of the Nrf2 pathway and enhanced oxidative stress,
which would be reversed by the supplementation of 4-Ol. Thus,
the Nrf2 pathway might be associated with the protective effects
of IRG1/itaconate in fulminant liver injury.

IRG1 has been identified as one of the most highly upregulated
genes under pro-inflammatory conditions in macrophages [39]. In
addition to macrophage, recent studies have found that IRG1 was
also expressed in neurons, chondrocytes, hepatocytes as well as
tumor cells [23, 40-42]. The present study found that the
upregulation of IRG1 is much higher in hepatocytes than that in
non-parenchymal cells in mice with LPS/D-Gal-induced fulminant
liver injury, suggesting that hepatocytes might be the major

Cell Death and Disease (2023)14:486
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cellular targets responsible for the protective benefits of IRG1/
itaconate in fulminant liver injury. Interestingly, the present study
found that supplementation with 4-Ol failed to provide anti-
apoptotic benefits in mice with liver-specific deletion of Nrf2.
Therefore, activation of Nrf2 anti-oxidative pathway in

Cell Death and Disease (2023)14:486

(hours)

hepatocytes might be a pivotal mechanism underlying the anti-
apoptotic activities of IRG1/itaconate in liver.

In addition to the direct induction of functional disturbance or
structural damage in cells, the activation of redox-sensitive signal
pathways significantly amplifies the detrimental effects of
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12

Fig. 8 Post-treatment with 4-octyl itaconate resulted in beneficial outcomes in mice with fulminant liver injury. 4-octyl itaconate (4-Ol)
was administered in mice with fulminant liver injury 1.5h post LPS/D-Gal exposure, and the animals were sacrificed 6 h post LPS/D-Gal
exposure. A The protein levels of Nrf2, HO-1 and NQOT1 in liver samples were determined (n = 4). B The hepatic contents of TBARS, the ratio of
GSSG/GSH in the liver and the serum level of 8-OH-dG were determined (n = 8). C The hepatic levels of phosphorylated AMPK (pAMPK), total
AMPK (AMPK), phosphorylated JNK (pJNK), total JNK (JNK) and cleaved caspase-3 were determined (n = 4). D The hepatic activities of caspase-8,
caspase-9 and caspase-3 were determined (n = 8). E The apoptotic hepatocytes were evaluated by TUNEL staining (scale bar: 50 pm), and the
TUNEL-positive cells were counted. F The serum levels of ALT and AST were determined (n=28). G The liver sections were stained with
hematoxylin & eosin for histological examination (scale bar: 100 um). H The survival rate of the experimental animals was monitored and

showed in the Kaplan-Meier curves (n = 20). All data were expressed as mean + SD.
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Fig. 9 The schematic diagram of the mechanisms underlying the anti-apoptotic benefits of IRG1/itaconate in LPS/D-gal-induced
fulminant liver injury. LPS/D-gal exposure induced the upregulation of IRG1 and itaconate. Genetic deletion of IRG1 resulted in compromised
activation of Nrf2, decreased the expression of anti-oxidative enzymes, such as NQO1 and HO-1, and enhanced oxidative stress. Then, the
redox-sensitive AMPK/JNK pathway was activated, which promoted the apoptosis of hepatocytes and aggravated liver injury.
Supplementation with 4-Ol, a cell-permeable derivate of itaconate, promoted the activation of the anti-oxidative Nrf2 pathway, suppressed
oxidative stress, inhibited the activation of the pro-apoptotic AMPK/JNK pathway, attenuated hepatic apoptosis, and alleviated liver injury.

oxidative stress[43, 44]. The redox-sensitive AMPK has been
identified as a late-stage pro-apoptotic factor in LPS/D-Gal-
induced fulminant liver injury via phosphorylation of JNK
[22, 45], which might have therapeutic value for fulminant liver
injury. The present study found that the exacerbated liver injury in
mice lacking IRG1 was associated with enhanced phosphorylation
of AMPK and JNK, which was reversed by the supplementation of
4-0l. In addition, treatment with the AMPK inhibitor compound C
suppressed the enhanced phosphorylation of AMPK/JNK and
alleviated the aggravated hepatocyte apoptosis in IRG1 KO mice.
In line with our findings, the AMPK/JNK pathway is involved in
oxidative stress-induced apoptosis of myocardial cells, myeloma
cells and pancreatic beta cells [46-48]. Therefore, the upregulation
of IRG1/itaconate might function as a molecular brake that
negatively regulates the late-stage pro-apoptotic AMPK/JNK
signaling.

The oxidative stress might promote the activation of AMPK via
direct oxidative modification of AMPK [49, 50]. A previous study
has found that Nrf2 deficiency resulted in enhanced activation of
AMPK in skeletal muscle [51]. In addition, the knockdown of Nrf2
by shRNA induced phosphorylation of AMPK in glioma cells [52].

SPRINGER NATURE

In the present study, although supplementation with 4-Ol
reversed the enhanced activation of AMPK/JNK in IRG1 KO mice,
it failed to modulate the phosphorylation of AMPK and JNK in
mice lacking Nrf2. On the contrary, treatment with the antioxidant
NAC, suppressed AMPK and JNK phosphorylation and alleviated
apoptotic liver injury in IRG1 KO mice. Therefore, the suppressive
effects of IRG1/itaconate on the AMPK/INK pathway might
depend on the activation of Nrf2-dependent antioxidant defense.
Because the upregulation of IRG1/itaconate might be a novel
endogenous protective response that is involved in the control of
the late-stage pro-apoptotic AMPK/JNK signaling, we then
questioned whether 4-Ol might have pharmacological value for
the intervention of fulminant liver injury. Interestingly, the present
study found that post-insult treatment with 4-Ol significantly
enhanced Nrf2 signaling but inhibited the activation of AMPK/JNK.
Post-treatment with 4-Ol also blunted the activation of the
caspase cascade, reduced the count of TUNEL-positive cells,
suppressed the elevation of ALT, alleviated the histological
abnormalities, and improved the survival rate of the experimental
animals. Therefore, 4-Ol might have promising value for the
pharmacological therapy of fulminant liver injury.
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In addition to KEAP1, itaconate also directly alkylates the
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and decreases its enzyme activity, which resulted in
inhibition of glycolysis [14]. Glycolysis is a crucial metabolic basis
for various physiological activities and pathological responses, and
previous studies have found that pharmacological inhibition of
glycolysis resulted in beneficial outcomes in acute liver injury [53].
Thus, whether GAPDH is involved in the hepatoprotective of
itaconate might be worthy of further investigation. Several recent
studies have also found that Janus kinase 1(JAK1), Nod-like
receptor 3 (NLRP3), and transcription factor EB (TFEB) were directly
alkylated by itaconate, which is profoundly involved in the
bioactivities of itaconate [54-56], whether these targets are also
involved in the hepatoprotective of itaconate remain to be
investigated.

Interestingly, several studies have found that itaconate is
secreted by activated macrophages [57, 58]. Although the
molecular mechanisms through which itaconate is secreted have
not been revealed, a recent study has identified that
2-oxoglutarate receptor 1 (OXGR1), a G protein-coupled receptor
also known as GPR99, functions as a receptor for itaconate that
induces calcium mobilization and mucus secretion in the
respiratory epithelium [59]. Thus, in addition to intracellular
production and alkylation, itaconate is secreted and functions as
an extracellular signal molecule to communicate with other cells,
whether the itaconate/OXGR1 signal pathway is involved in the
development of fulminant liver injury remains to be further
investigated.

Taken together, the present study found that the upregulation
of IRG1/itaconate in mice with LPS/D-Gal-induced fulminant liver
injury might be an endogenous protective response, which might
result from the activation of Nrf2 signaling and the subsequent
suppression of oxidation-sensitive activation of AMPK/JNK (Fig. 9).
Most importantly, the present study found that post-insult
supplementation with the itaconate derivate 4-Ol also resulted
in beneficial outcomes (Fig. 9). Therefore, IRG1/itaconate might
function as a metabolic brake in fulminant liver injury, and
itaconate derivates might have potential value for the pharmaco-
logical intervention of fulminant liver injury.

DATA AVAILABILITY
The data generated in this study are available upon request from the corresponding
author.
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