
ARTICLE OPEN

AIM2 regulates autophagy to mitigate oxidative stress in aged
mice with acute liver injury
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The cytoplasmic pattern recognition receptor, absent in melanoma 2 (AIM2), detects cytosolic DNA, activating the inflammasome
and resulting in pro-inflammatory cytokine production and pyroptotic cell death. Recent research has illuminated AIM2’s
contributions to PANoptosis and host defense. However, the role of AIM2 in acetaminophen (APAP)-induced hepatoxicity remains
enigmatic. In this study, we unveil AIM2’s novel function as a negative regulator in the pathogenesis of APAP-induced liver damage
in aged mice, independently of inflammasome activation. AIM2-deficient aged mice exhibited heightened lipid accumulation and
hepatic triglycerides in comparison to their wild-type counterparts. Strikingly, AIM2 knockout mice subjected to APAP overdose
demonstrated intensified liver injury, compromised mitochondrial stability, exacerbated glutathione depletion, diminished
autophagy, and elevated levels of phosphorylated c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK).
Furthermore, our investigation revealed AIM2’s mitochondrial localization; its overexpression in mouse hepatocytes amplified
autophagy while dampening JNK phosphorylation. Notably, induction of autophagy through rapamycin administration mitigated
serum alanine aminotransferase levels and reduced the necrotic liver area in AIM2-deficient aged mice following APAP overdose.
Mechanistically, AIM2 deficiency exacerbated APAP-induced acute liver damage and inflammation in aged mice by intensifying
oxidative stress and augmenting the phosphorylation of JNK and ERK. Given its regulatory role in autophagy and lipid peroxidation,
AIM2 emerges as a promising therapeutic target for age-related acute liver damage treatment.
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INTRODUCTION
Absent in melanoma 2 (AIM2) is a cytoplasmic pattern recognition
receptor that detects cytosolic DNA and activates the inflamma-
some. It belongs to the AIM2-like receptor (ALR) family, which
consists of the C-terminal HIN-200 and N-terminal pyrin domain
(PYD). The HIN-200 domain directly binds to dsDNA [1], and the
PYD domain interacts with the PYD domain of the inflammatory
body junction protein ASC (apoptosis-associated speck-like
protein containing a caspase recruitment domain (CARD)). The
CARD of ASC connects with the CARD of caspase-1 precursor to
create the AIM2 inflammatory body, which further activates
caspase-1, causing the production of downstream IL-1β and IL-18
as well as the cleavage of gasdermin D [2]. Under steady-state
conditions, AIM2 is in a self-inhibitory state due to the interaction
between the PYD and HIN domains [3]. The interaction of dsDNA
with HIN domains changes this state, attracting ASC to engage in
interactions with free PYD domains and start the oligomerization
and inflammatory body stimulation [4]. Although AIM2 inflamma-
tory bodies play a protective role in some infectious diseases, they
are usually harmful in some aseptic inflammatory disorders, such
as neuroinflammation, atherosclerosis, dermatosis, psoriasis, and
liver diseases [5–7]. In addition to its function dependent on these

inflammatory bodies, AIM2 inhibits the formation of colorectal
tumors, which is independent of its inflammatory body functions
[8]. Moreover, a recent study has shown that AIM2 forms a
complex with pyrin and ZBP1 to drive PANoptosis (pyroptosis,
apoptosis, and necroptosis) and host defense [9].
Drug-induced liver damage (DILI) is a common adverse event in

medical practice, and APAP-induced liver damage is a classic
example of DILI. Intentional or unintentional overdose of APAP
often results in hepatic damage and subsequent liver failure [10].
APAP toxicity occurs through the cytochrome P450-mediated
formation of the harmful NAPQI metabolite [11], which depletes
hepatic reduced glutathione (GSH) and binds to cellular proteins
due to its excess presence [12]. The creation of NAPQI-protein
adducts in mitochondria leads to an increase in mitochondrial
oxidative stress and dysfunction, eventually resulting in cell
necrosis [13]. Furthermore, excessive APAP causes the stimulation
and translocation of mitogen-activated protein (MAP) kinase JNK
to mitochondria, thus triggering membrane permeability transi-
tion (MPT) of the mitochondria. As a result, nuclear DNA damage
caused by mitochondrial malfunction results in cell necrosis.
Both NOD-like receptor family pyrin domain-containing 3

(NLRP3) and AIM2 belong to the inflammasome family, playing a
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pivotal role in immune regulation and the inflammatory response.
Multiple distinct studies have underscored the crucial involvement
of the NLRP3 inflammasome in APAP-induced acute liver injury
and subsequent repair processes [14–16]. Nevertheless, the
precise impact of AIM2 on APAP-induced acute liver injury
remains to be definitively elucidated. With age, liver cells change
under the influence of various stressors and the risk of developing
liver diseases [17]. It has been shown that aging aggravates APAP-
induced acute liver injury and inflammation [18]. However, the
role of AIM2 in APAP hepatoxicity with age has not been defined,
and warrants full investigations.
In this study, we compared APAP hepatoxicity in WT and AIM2−/−

mice of different ages. We investigated the underlying mechanisms
by analyzing APAP metabolism, hepatic glutathione levels, mito-
chondria function, signaling pathways, and hepatic inflammation.
Moreover, we treated the mice with rapamycin, an autophagy
inducer, to explore the role of AIM2 in APAP-induced liver damage
with age. Our study revealed a crucial role of AIM2 in regulating
autophagy and lipid peroxidation, emphasizing its significance in
mitigating APAP hepatotoxicity with age.

RESULTS
AIM2 gene knockout exacerbates acute liver damage induced
by APAP in aged mice (>30 Weeks)
To investigate the potential role of AIM2 in acute hepatic injury
induced by APAP in mice, we selected eight male WT and eight
AIM2-deficient (AIM2−/−) mice aged 6–8 weeks. Following 15 h of
starvation, APAP (300 mg/kg) was intraperitoneally injected to
induce acute hepatic damage in the mice. However, no significant
differences in liver injury were observed between the WT and
AIM2−/− mice in this age group (Fig. 1A, B). Research findings have
highlighted an age-dependent reduction in AIM2 expression and
activation within peripheral blood mononuclear cells (PBMCs) [19].
In our endeavor to delve into whether a similar age-related
pattern exists for AIM2 expression in the liver, we conducted an
investigation. Through an analysis of both mRNA and protein
expression of AIM2 in the livers of mice aged 10, 20, and 30 weeks,
we made an unexpected observation: AIM2 expression actually
increased with age in the liver, in direct contrast to the diminished
expression observed in PBMCs (Fig. 1C, D).
To further examine the potential involvement of AIM2, we

conducted the same experiment with male WT and AIM2−/− mice
aged 30–32 weeks. Our results revealed that compared to WT
mice, AIM2−/− mice in this age group showed significantly higher
serum ALT levels at 8, 24, 36, 48, 56, and 72 h following APAP
supplementation (Fig. 1E). Additionally, H&E staining demon-
strated a significantly larger area of liver necrosis in the AIM2−/−

mice compared to WT mice (Fig. 1F, G). Based on these findings,
we selected 30–32 weeks old mice for subsequent studies.

AIM2 deficiency modifies APAP metabolism and enhances
inflammatory response in mice
APAP toxicity is primarily caused by the production of harmful
NAPQI metabolites mediated by cytochrome P450 2E1 (CYP2E1)
[20, 21], which can result in nitrotyrosine protein adduct formation
and mitochondrial DNA damage [22]. Therefore, we investigated
the expressions of CYP2E1 and NAPQI-protein adducts in the livers
of WT and AIM2−/− mice after APAP overdose. Our results showed
no significant differences in CYP2E1 protein expression (Fig. 2A) or
NAPQI-protein adduct formation between the two strains (Fig. 2B).
However, we examined changes in liver GSH levels in WT and
AIM2−/− mice and found that AIM2−/− mice had reduced GSH
levels at 2 and 3 h following APAP administration (Fig. 2C).
Furthermore, we observed that APAP-treated AIM2−/− mice had
decreased mitochondrial stability (Fig. 2D) and lower expression of
mitochondrial proteins ND1 and TFAM (Fig. 2E) compared to WT
mice. Intriguingly, AIM2 was localized in mitochondria (Figs. 2F, G).

Moreover, TUNEL assay results revealed a higher number of
TUNEL+ cells in AIM2−/− mice livers at 24 h after APAP injection
(Fig. 2H). Additionally, we detected significantly higher levels of
the inflammatory factor IL-6 in AIM2−/− mice serum at 24 h after
APAP administration (Fig. 2I) and a more significant increase in the
inflammatory cytokines IL-6 and MCP-1 mRNA levels in AIM2−/−

mice liver (Fig. 2J). Taken together, these findings suggest that
AIM2 deficiency can enhance the inflammatory response in APAP-
induced acute liver damage.

Comparing genetic alterations in WT and AIM2−/− mice aged
6–8 and 30–32 weeks following APAP overdose
To further investigate the reason for the discrepancy in experi-
mental results between 6–8 and 30–32-week-old mice, we
conducted RNA-seq on liver tissues from three WT and AIM2−/−

mice at each age stage after 24 h of APAP stimulation. We
detected 18,410 genes, and the average mapping ratio with both
the reference genome and gene was 95.26 and 84.12%,
respectively (Fig. 3A). There were 513 differentially expressed
genes (DEGs) in the WT-APAP (30 w) and AIM2−/−-APAP (30 w)
group (123 upregulated and 390 downregulated), 101 DEGs in the
AIM2−/−-APAP (8w) and AIM2−/−-APAP (30 w) group (70
upregulated and 31 downregulated). There were 335 DEGs in
the WT-APAP (8w) and WT-APAP (30 w) groups (293 upregulated
and 42 downregulated), and 71 DEGs in the WT-APAP (8w) and
AIM2−/−-APAP (8w) group (25 upregulated and 46 downregu-
lated) (false discover rate (FDR) <0.05, and ±2 fold change (FC))
(Fig. 3B–D). Previous studies have shown that aging is associated
with increased FGF21 levels [23], and PDK4 deficiency protects
against APAP-induced hepatotoxicity [24]. Compared to WT-APAP
(30 w) and AIM2−/−-APAP (8w) mice, both PDK4 and Fgf21 were
highly expressed in AIM2−/−-APAP (30 w) mice (Fig. 3E, F). We
utilized the Kyoto Encyclopedia of Genes and Genomes (KEGG) to
perform an unbiased pathway enrichment analysis of DEGs. The
results showed that antigen presentation and processing and
cholesterol metabolism signaling pathways were mainly involved
in WT-APAP (30 w) and AIM2−/−-APAP (30 w) groups (Fig. 3G),
while oxidative phosphorylation and metabolic pathways were
most significant in AIM2−/−-APAP (8w) and AIM2−/−-APAP (30 w)
groups (Fig. 3H). GO function analysis indicated that liver genes of
AIM2−/− mice were enriched in response to protein binding and
enzyme activity after 24 h of APAP treatment (Fig. 3I).

Deletion of AIM2 promotes lipid deposition and increases
lipid peroxidation
We observed that most AIM2−/− mice exhibited significant weight
gain and liver enlargement after 30 weeks (supplementary Fig.
2A, B), with GSEA analysis revealing that 7 of the top 15 enriched
KEGG pathways were related to lipid metabolism (Fig. 4A). A
heatmap related to lipid metabolism revealed that compared to
WT-APAP (30 w) mice, genes associated with Pro-Adipogenesis
(such as Fabp4, Irs2, and Jun) and cholesterol synthesis (such as
Hmgcs1 and Hmgcs2) were significantly upregulated in the liver of
AIM2−/−-APAP (30 w) mice (supplementary Fig. 2C). Hallmark
GSEA analysis of DEGs based on RNA-seq data showed that
reactive oxygen species (ROS) pathway activation was reduced in
AIM2−/−-APAP (30 w) compared to WT-APAP (30 w). ROS are
eliminated by the action of two important enzymes known as
catalase (CAT) and superoxide dismutase (SOD) [25]. A heatmap of
the ROS pathway revealed that the expressions of CAT and SOD
enzymes were significantly lower in AIM2−/−-APAP (30 w) than in
WT-APAP (30 w) mice (Fig. 4B). This suggests that the ability of
AIM2−/− mice to handle oxidative stress is weakened after
excessive APAP use, leading to liver damage. We hypothesize
that lipid accumulation in the liver after AIM2 knockout weakens
the anti-oxidative stress ability, leading to increased lipid
peroxidation and aggravating hepatic damage. Oil red O staining
of liver segments from WT (30 w) and AIM2−/− (30 w) mice
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validated hepatic lipid accumulation, which showed no difference
in staining results at eight weeks (Fig. 4C, D). Additionally, we
detected the content of cholesterol (TC) and triglyceride (TG) in
liver homogenate, which showed significantly elevated hepatic

TGs in AIM2−/− mice compared to WT mice, but no variation in
hepatic TCs (Fig. 4E). Malondialdehyde (MDA) is an important lipid
peroxidation product [26]. The content of MDA in serum
confirmed our hypothesis that the lipid peroxidation of AIM2−/−

Fig. 1 The knockdown of AIM2 exacerbates APAP-induced acute hepatic damage in mice aged 30–32 weeks. A Analysis of serum ALT and
AST levels and B liver H&E staining in 8- and 24-h post i.p. injection of PBS or APAP in 8-week-old WT (n= 21) and AIM2−/− (n= 20) mice. PBS
group n= 3. The liver H&E staining image is shown with a scale bar of 100 µm. AIM2 levels in the livers of WT mice (10, 20, and 30 weeks old)
after APAP administration were quantified using C qPCR and D Western blotting. n= 4 mice per group. E Measurement of serum AST and ALT
levels at each time point after i.p. injection of PBS or APAP in 30–32-week-old WT (n= 8) and AIM2−/− (n= 9) mice. PBS group n= 3.
F, G display liver tissue H&E staining results after 8, 24, and 72 h of APAP administration. The extent of liver injury was quantified using Image J
software. Each experimental group comprised 8–10 mice, and the experiment was repeated three times. The statistical analysis showed that
AIM2 knockdown aggravated APAP-induced acute hepatic damage in mice (*P < 0.05; **P < 0.01; ***P < 0.001).
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mice was significantly elevated after one day of APAP supple-
mentation (Fig. 4F). Similarly, compared to WT mice, GSH in the
liver of AIM2−/− mice was significantly reduced after 24 h of
treatment with APAP (Fig. 4G). Overall, these results demonstrate
that AIM2 deficiency promotes lipid accumulation and attenuates
anti-oxidant stress.

AIM2 deficiency promotes activation of JNK and ERK signaling
pathways
Previous studies have reported that the phosphorylation of c-Jun
N-terminal kinase (JNK), a member of the mitogen-activated
protein kinase (MAPK) family, can further enhance reactive oxygen
species (ROS) formation as a “second hit” after treatment with the
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drug acetaminophen (APAP) [27]. To investigate the activation of
MAPK signaling pathways after APAP treatment, we measured the
levels of JNK, ERK, and P38 phosphorylation at 1, 2, 3, and 24 h in
both AIM2−/− and WT mice. A previous study had shown that 3 h
after APAP treatment is the critical time for protein adduct
creation [28]. During this period, we found that compared to WT
(30 weeks old) mice, AIM2−/− (30 weeks old) mice had significantly
higher levels of JNK, ERK, and P38 phosphorylation, but no
difference in LC3B expression (Fig. 5A, B). After 24 h of APAP
administration, the phosphorylated JNK and ERK remained
significantly elevated in AIM2−/− (30 weeks old) mice compared
to WT (30 weeks old) mice. Additionally, the lack of AIM2 led to
higher levels of p-SATAT3 and lower levels of LC3B (Fig. 5C, D). We
also detected the same indexes of liver protein in 6–8 weeks old
mice as controls, and found no difference in p-JNK, p-ERK, and
LC3B levels (Fig. 5E, F).
To investigate the impact of AIM2 knockout on liver injury repair,

we assessed the expression of proliferating cell nuclear antigen
(PCNA) to measure hepatocyte growth. We found that PCNA
expression was dramatically downregulated in AIM2−/− mice 24 h
after APAP administration, suggesting that AIM2 deficiency impairs
hepatocyte proliferation following APAP-induced hepatic damage
(Fig. 5G). Furthermore, we utilized the Evans Blue assay to
determine endothelial vascular permeability [29]. Interestingly,
AIM2−/− mice exhibited weaker endothelial cell permeability than
WT mice following APAP-induced hepatic injury (Fig. 5H).

AIM2 deficiency promotes ERK signaling activation in
macrophages and inhibits autophagy pathway activation in
hepatocytes
The TUNEL assay revealed that AIM2−/− mice exhibited more DNA
fragments 24 h after APAP treatment (Fig. 2D). To investigate
whether AIM2 deletion affected hepatocyte apoptosis, we
examined the effects of APAP on primary hepatocytes from WT
and AIM2−/− mice in vitro. We observed a significant increase in
cleaved caspase-8 (p18) expression levels in AIM2−/− mice treated
with APAP compared to WT mice, while cleaved caspase-3
expression was not significantly different (Fig. 6A). Furthermore,
the AST level in the culture supernatant of primary hepatocytes
from AIM2−/− mice was significantly higher than in WT mice at 6
and 24 h after APAP stimulation (Fig. 6B), consistent with the
results from previous animal experiments (Fig. 1E).
High mobility group protein 1 (HMGB1) is a common damage-

associated molecular pattern (DAMP) that is often released as an
important inflammatory mediator after cell damage [30]. Under
mild oxidative conditions, extracellular HMGB1 acts as a pro-
inflammatory cytokine, while intracellularly, it acts as an apoptosis-
promoting agent [31]. We investigated the effects of HMGB1 on
macrophage activation in WT and AIM2−/− mice. We found that in
response to HMGB1, bone marrow-derived macrophages (BMDMs)
from AIM2−/− mice showed higher activation of AKT and ERK
signaling pathways compared to those from WT mice. However,
we observed no alterations in p-NF-κB or p-JNK (Fig. 6C, D).
It has been reported that autophagy reduces oxidative stress

and plays an anti-inflammatory role by eliminating damaged DNA
fragments [32]. Moreover, AIM2 is degraded by p62-dependent

selective autophagy [33]. Therefore, to investigate the role of AIM2
in the autophagy of hepatocytes after APAP-induced liver injury,
we transfected TAMH cells with poly[dA:dT] or Flag-AIM2 over-
expression plasmids, and then detected changes in proteins
associated with autophagy signaling pathways after APAP
stimulation in vitro, such as LC3B, p62, AKT, and mTOR. The
results showed that when AIM2 was activated or overexpressed,
the expression levels of p62, p-beclin1, and p-mTOR were
significantly decreased, while p-AKT and LC3BII/I were markedly
increased, indicating that the autophagy pathway was enhanced.
Moreover, p-JNK was significantly decreased (Fig. 6E–H). Collec-
tively, we suggest that AIM2 can promote autophagy and have a
protective function in hepatic injury induced by APAP.

Impact of AIM2 deficiency on monocyte and neutrophil
infiltration in the liver
Wide-scale hepatocyte necrosis leads to an aseptic inflammatory
reaction and subsequent recruitment of inflammatory cells in the
liver during APAP-induced hepatic injury [34]. Infiltrating mono-
cytes (IMs) and neutrophils have been reported to mediate APAP-
induced liver inflammation [35]. To investigate whether AIM2
affects the infiltration of immune cells after hepatic damage, we
measured IMs and neutrophil infiltration in mouse liver after APAP
administration using flow cytometry. Figure 7A shows the flow
cytometry gating strategy for immune cells. Our analysis showed
that compared to WT mice, neutrophil (CD11b+Ly6G+) recruitment
in the liver of AIM2−/− mice was significantly increased 24 h after
APAP treatment and lasted until 72 h after treatment (Fig. 7B, C).
Interestingly, in APAP-treated livers of AIM2−/− mice, CD11b+

ly6chigh IMs (ly6chi) were sparser at 24 h, but their proportion of
recruitment was reversed at 72 h (Fig. 7B, C). Additionally, there
was no significant difference in the infiltration of CD11b+ ly6clow

IMs (ly6clow) and macrophages (CD11b+F4/80+) (Fig. 7B, C).

Rapamycin-induced autophagy activation ameliorates acute
liver injury caused by APAP
In specific hepatic regions, excessive APAP can activate autop-
hagy, which limits the expansion of necrosis into relatively normal
hepatic regions [36]. Based on our APAP stimulation experiment of
TAMH cells in vitro, we demonstrated that overexpression of AIM2
promotes autophagy and reduces the activation of APAP-induced
JNK phosphorylation. We asked whether activation of autophagy
could reduce hepatic injury caused by APAP in AIM2−/− mice. To
test this, we used rapamycin (Rap), a recognized autophagy
agonist that inhibits the activation of mTOR. We studied its
therapeutic effect in the APAP model and found that Rap
protected against hepatotoxicity in both WT and AIM2−/− mice,
as confirmed by ALT levels (Fig. 8A) and H&E staining (Fig. 8B).
Figure 8C illustrates the possible mechanisms by which AIM2
regulates autophagy in APAP-induced hepatic injury.

DISCUSSION
APAP overdose can cause acute hepatic failure and liver toxicity
through various mechanisms, including the generation of nuclear
DNA fragments, mitochondrial dysfunction, oxidative stress, and

Fig. 2 The absence of AIM2 leads to changes in APAP metabolism and enhances inflammation. A CYP2E1 protein expression and
B Immunohistochemical staining of NAPQI-protein adducts were performed, and the images were captured at a 100 µm scale bar. C The
mtDNA/nDNA content and D the expression of ND1, TFAM, and CYTB were measured in the liver tissues after 3 h of PBS or APAP
supplementation. E Total liver GSH levels were also determined. F Cytoplasmic and mitochondrial proteins from 293 T cells were isolated, and
AIM2 was analyzed through western blotting. β-tubulin and VDAC1 served as markers for the cytoplasm (Cy) and mitochondria (Mi),
respectively. “Wh” designates the whole lysate. G Co-localization analysis of AIM2 and mitochondria in 293 T cells. AIM2 is highlighted in
green, mitochondria in red, DAPI in blue, and co-localized regions are depicted in yellow. Scale bars, 10 µm. H TUNEL staining was conducted
24 h after APAP injection, and the images were captured at a 100 µm scale bar. I The serum IL-6 level and J the relative hepatic mRNA levels
were measured in WT and AIM2−/− mice at 24 h after APAP supplementation. Each group consisted of six mice per time point. Statistical
analysis indicated no significance (Ns), *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 3 RNA-seq of WT and AIM2−/− mice aged 6–8 and 30–32 weeks after APAP treatment. The analysis of RNA-seq data resulted in the
Venn diagrams of A the total number and B the differentially expressed genes (DEGs) in four groups. The statistically significant DEGs were
plotted in the four comparisons (C) and visualized in the heatmap (D), with relative mRNA expression per row (red, high; blue, low). The fold
alteration in gene expression (log2FC) and adjusted P value (−log10) were plotted in the scatter plot between the livers of WT-APAP (30 w)
and AIM2−/−-APAP (30 w) group (E) and AIM2−/−-APAP (8w) and AIM2−/−-APAP (30 w) group (F). The KEGG pathways of DEGs in WT-APAP (30
w) and AIM2−/−-APAP (30 w) group (G) and AIM2−/−-APAP (8w) and AIM2−/−-APAP (30 w) group (H) were ranked by P value. The GO functional
enrichment of upregulated DEGs in the livers of APAP-treated AIM2−/− mice was conducted (I), with a false discovery rate (FDR) of <0.05 and
±2 fold change (FC).
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the formation of APAP metabolic protein adducts [37]. The
cytoplasmic receptor AIM2 is known to recognize double-stranded
DNA (dsDNA) from various sources, such as viruses, bacteria, and
autologous cells [38]. Although AIM2 was first identified as a
tumor suppressor in melanoma, most research on AIM2 has
focused on its role in inflammasome activation and innate
immune response against intracellular pathogens [39]. However,
recent studies have revealed that AIM2 functions beyond
inflammasome activation. For instance, two independent studies
on colorectal cancer have shown that AIM2 regulates tumor
development through inflammasome-independent pathways [8,
40]. Additionally, AIM2 interacts with DNA-dependent protein
kinase (DNA-PK) to play a protective role against experimental

autoimmune encephalomyelitis in microglia [41]. Here, we aimed
to elucidate the role and signaling pathway of AIM2 in acute
hepatic injury.
In the present study, no difference was observed in liver damage

between WT and AIM2−/− mice aged 6–8 weeks following excessive
APAP treatment. This is consistent with previous report [42].
However, in mice aged 30–32 weeks, AIM2 deficiency was found
to exacerbate acute liver injury, as evidenced by elevated serum ALT
levels, H&E staining, and TUNEL staining. To investigate the pathway
involved, we first evaluated APAP metabolism in mice. NAPQI, a
highly active intermediate APAP metabolite produced mainly by the
metabolism of cytochrome P450 enzymes CYP2E1 [43], is usually
covalently bound with reduced GSH for detoxification [44].

Fig. 4 AIM2 deficiency promotes both lipid accumulation and lipid peroxidation. A GSEA Enrichment Score of KEGG pathways. B The
heatmap of DEGs related to the ROS mechanism identified by Hallmark GSEA. Relative mRNA expression per row (red, high; blue, low). C, D Oil
red O staining of liver segments from 6–8 and 30–32-week-old WT and AIM2−/− mice. Scale bar, 100 µm. E The liver homogenate content of
TCs and TGs. n= 6 mice per group. F The serum MDA content and G the total liver GSH level in 30–32-week-old WT and AIM2−/− mice
supplemented with PBS or APAP for 24 h. n= 8–10 mice per group. **P < 0.01; ***P < 0.001.
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Fig. 5 The absence of AIM2 results in increased activation of JNK and ERK pathways. A, B WT and AIM2−/− mice aged 30–32 weeks were
administered either PBS or APAP for 1, 2, 3 h, and C, D for 24 h. E, F WT and AIM2−/− mice aged 6–8 weeks were supplemented with PBS or
APAP for 24 h. Protein expression was analyzed using western blotting, and phosphorylated proteins were normalized to total proteins. A
representative Western blot from three independent experiments is shown. Immunoblot analysis of PCNA in liver homogenates was
conducted (G), and quantification of Evans blue dye extravasation was performed at 24 h after APAP injection (H). The number of mice in each
group ranged from 9 to 10, and the statistical significance levels are indicated as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.
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We found no difference in the CYP2E1 protein levels between WT
and AIM2−/− mice, but AIM2−/− mice exhibited lower levels of GSH
than WT mice at 2 and 3 h after APAP administration, indicating that
the detoxification ability of GSH as a covalently binding substrate of
NAPQI was weakened after AIM2 knockout. Accordingly, NAPQI-

protein adducts expression was significantly higher in AIM2−/− mice
than in WT mice, suggesting that AIM2 may play a protective role in
APAP metabolism in the liver.
There have been reports indicating that a lack of AIM2 can lead

to obesity and insulin resistance through the upregulation of the

Fig. 6 AIM2 deficiency promotes ERK signaling activation in macrophages and inhibits autophagy pathway activation in hepatocytes.
A Western blot analysis of cleaved caspase-3 and 8 in primary hepatocytes from WT and AIM2−/− mice aged 30 weeks stimulated with APAP
(10mM). B Primary hepatocytes from 30-week-old mice were treated with 10 mM APAP for 6 and 24 h, and culture supernatants were
collected for AST and ALT measurement. C, D Bone marrow-derived macrophages (BMDMs) from 30-week-old mice were treated with HMGB1
(200 ng/mL), and cell proteins were collected for Western blotting. E–H TAMH cells were transfected with poly(dA:dT) or Flag-AIM2 for 24 h
and then stimulated with 10mM APAP. Cell lysates were obtained for Western blot analysis. Data represent the mean ± SEM of three
independent experiments. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Ifi202b pathway [45]. This observation is consistent with the
findings of our study, wherein the majority of AIM2−/− mice were
observed to be significantly heavier than the WT mice after a
period of 30 weeks. Additionally, the weight and volume of the
liver in AIM2−/− mice were also significantly increased. The
deficiency of AIM2 led to lipid accumulation, increased lipid
peroxidation, and weakened ability to remove oxidative stress.
The conjecture was confirmed by RNA-seq analysis. Lipid
accumulation takes time, which could potentially explain the
difference in hepatic damage observed in mice at 30 weeks.
The formation of APAP-protein adducts results in the recruit-

ment of phosphorylated JNK into mitochondria, which further
enhances mitochondrial damage and necrosis [22]. The pivotal
role of JNK in liver damage caused by APAP has been confirmed
by the protective effects of JNK inhibitors and knockout gene trials
[46]. Therefore, we focused on detecting the expression of p-JNK

in the livers of WT and AIM2−/− mice after APAP overdose. Our
study revealed that compared to WT mice, AIM2−/− mice
exhibited significantly elevated p-JNK expression. Notably, the
overexpression of AIM2 in mouse hepatocytes, followed by APAP
stimulation, led to decreased activation of p-JNK. Collectively,
AIM2 may inhibit the activation of JNK in liver damage induced by
APAP. Additionally, in the first 3 h following APAP treatment, ERK
and P38 activation increased to varying degrees in AIM2−/− mice.
Therefore, during the metabolic period of APAP, AIM2 may inhibit
the activation of the MAPK signaling pathway through some
mechanism, leading to more severe liver injury after AIM2
knockout.
Lack of PDK4 has been shown to inhibit the creation of

peroxynitrite and mitochondrial oxidative stress [24]. In DEGs
analysis, AIM2-/- mice showed higher PDK4 expression than WT
mice. Therefore, we attempted to treat APAP hepatotoxicity with

Fig. 7 AIM2 deficiency influences the infiltration of inflammatory cells upon liver injury. A Fluorescence-activated cell sorting (FACS)
strategy of immune cells. B, C Liver non-parenchymal cells (LNPCs) separated from WT and AIM2−/− mice aged 30 weeks treated with APAP for
24 and 72 h for flow cytometry analysis. IMs were labeled as CD11b+ ly6chigh and CD11b+ ly6clow. Neutrophils and macrophages were labeled
as CD11b+Ly6G+ and CD11b+F4/80+, respectively. Data represent the mean ± SEM of three independent experiments. N= 8–9 mice per
group. *P < 0.05; ***P < 0.001.
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sodium dichloroacetate (DCA) (a PDK4 inhibitor). Mice were
pretreated with DCA for 1 h and then injected with APAP.
However, we found that more than half of the mice died at 6 h
after APAP treatment, and there was no therapeutic effect (data
not shown). Since AIM2 is a DNA receptor that senses aging DNA,
we hypothesized that pretreatment to remove broken DNA in vivo
could achieve a therapeutic effect and narrow the gap of liver
injury between WT and AIM2−/− mice. To test this hypothesis, we
used NU7441, a highly effective and selective DNA-PK inhibitor, in
a rescue trial. However, even with the NU7441 treatment, we
observed no therapeutic effect (data not shown).
It has been reported that activating autophagy to remove

APAP-protein adducts can protect against hepatic damage caused

by APAP in mice [47, 48]. Our data also indicates differences in the
expression of autophagy-related proteins, such as decreased
expression of LC3B and enhanced activation of p-AKT, after AIM2
knockout. This finding was further confirmed by in vitro cell
experiments, where overexpression of AIM2 enhanced the
expression of LC3B and decreased the expression levels of p62,
beclin1, and p-mTOR after APAP stimulation, indicating that AIM2
can directly regulate the autophagy pathway and play a
promoting role. Excessive APAP leads to an increase in ROS and
induces autophagy activation. Therefore, the weaker activation of
autophagy in AIM2−/− mice compared to WT mice may contribute
to their increased susceptibility to APAP-induced liver injury.
Finally, we treated mice with rapamycin, an autophagy inducer,

Fig. 8 Activation of autophagy by Rap alleviates APAP-induced acute liver damage. A Mice aged 30–32 weeks were first treated with APAP
for 2 h, followed by i.p. administration of RAP (2 mg/kg) or solvent (10% EtOH+ 90% corn oil) to some mice, and ALT and AST serum levels
were measured at 8 and 24 h. n= 4–6 mice per group. B Representative H&E staining images were shown, and necrotic parts quantification in
the liver sections was performed. Scale bar, 100 µm. C Proposed molecular events of autophagy regulated by AIM2 in APAP-induced liver
injury are summarized. Ns denotes no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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and observed a significant decrease in APAP-induced hepatotoxi-
city in both AIM2−/− and WT mice, confirming the protective role
of autophagy in alleviating inflammatory damage.
In this study, we have provided evidence to demonstrate that

the cytoplasmic sensor AIM2 plays a crucial role in the hepatic
damage caused by APAP by mediating JNK activation, and also
has a protective function in inflammation through autophagy.
Unexpectedly, AIM2 played its role independently of the
inflammasome. Further investigation is required to determine
how AIM2 promotes lipid accumulation and lipid peroxidation
with age. Overall, AIM2 can serve as a promising treatment target
for acute liver failure with age.

MATERIALS AND METHODS
Mice
Male C57Bl6/J wild-type (WT) mice were obtained from the Nanjing
Biomedical Research Institute of Nanjing University. AIM2 knockout (KO)
mice on C57Bl6/J background were gifted by Professor Shuo Yang from
Nanjing Medical University. The genotyping of AIM2−/− mice was conducted
using standard PCR, and the knockout efficiency of AIM2 was shown in
supplementary Fig. 1. The following primers were utilized in the process:
CCAGTGTTTCTCAACTGTACTGCTAT, TAGGAGTGCCCTCCCTTAATG, TTGGAGA-
CAGACTCTGGTGAAG. The expected sizes of the amplicons are as follows:
wild type (WT): 197 bp, AIM2−/−: 397 bp. The mice were aged 6–8 weeks and
30–32 weeks. Researchers did not conduct blinding for the groups of mice.
The sample size was not determined using statistical methods. Adequate
sample size was determined based on the replicability of the experiments. In
the study, each mouse was individually assigned a unique numerical
identifier, and subsequent grouping of animals was performed using a
random number table. The standard 12-h light/dark cycle was used for the
mice. All animal procedures were approved by the Laboratory Animal Core
Facility of Nanjing Medical University (approval No. IACUC-1912021).

Induction and assessment of acute hepatic injury
Acute hepatic injury was induced in mice by administering intraperitoneal
injections of APAP (acetaminophen) or phosphate solution (PBS) after fasting
the mice for 16–18 h. The dosage of APAP was 300mg/kg and it was dissolved
in warm saline. After receiving the injections, the mice were either sacrificed at
different time intervals to collect liver specimens for histology or frozen in
liquid nitrogen and kept at −80 °C for later use. Blood was also collected
through retro-orbital puncture and serum levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were measured using an automatic
chemical analyzer. In a rescue experiment, some mice were supplemented
with rapamycin (2mg/kg, i.p., HY-10219, MedChemExpress, China) at 2 h after
APAP injection. Rapamycin was dissolved in a mixture of 10% ethanol and
90% corn oil. The control group received a solvent injection instead. Serum
and liver tissue were collected at a specified time after injection.

Quantitative real-time PCR
TRIzol reagent was used to extract total RNA from liver tissues, which was
then subjected to cDNA synthesis using RT SuperMix (Vazyme #R323). The
ChamQ Universal SYBR qPCR Master Mix (Vazyme #Q711) and the Step
One Plus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA,
USA) were used to perform RT-qPCR to detect the relative mRNA levels of
the target genes. The mRNA levels were normalized to the expression level
of Gapdh using the 2−ΔΔCt method. The primers used for the qPCR are
listed in supplementary Table 1.

Histological analysis
The liver tissue specimens that had been embedded in paraffin were
sectioned into 4 μm segments and stained with hematoxylin and eosin
(H&E) to evaluate cell death patterns. To detect protein adducts, a sheep
anti-APAP polyclonal antibody (#0016-0104, Bio-Rad, Düsseldorf, Germany)
was utilized. The stained tissue samples were examined under a light
microscope (Olympus IX51, Japan). The pathological tissue section images
were analyzed using Image J (1.51j8).

Western blotting
Proteins were extracted from mouse livers or cultured cell specimens using
a previously described method [28]. A 25 μg sample of total protein was

separated on SDS-PAGE and then transferred onto a PVDF membrane. The
membrane was blocked with 5% bovine serum albumin (BSA) at room
temperature for 2 h. Primary antibodies including anti-AIM2 (#13095 s),
anti-total AKT (#4691), anti-GAPDH (#5174), anti-total ERK (#4695), anti-p-
JNK (#9251), anti-total JNK (#9258), anti-p-p38 (#9211), anti-total p38
(#9212), anti-p-AKT(Ser473) (#9271), anti-p-AKT(Thr308) (#13038), anti-p-
STAT3 (#9131), anti-total STAT3 (#9139), anti-p-NF-κB (#3033), cleaved
caspase-8 (#8592), anti-total NF-κB (#8242), cleaved caspase-3 (#9664),
anti-p-ERK (#4370), and PCNA (#2586) were obtained from Cell Signaling
Technology (Beverly, MA, USA). Antibodies against Cytochrome b (CYTB)
(#55090-1-AP), Mitochondrial transcription factor A (TFAM) (#22586-1-AP),
VDAC (#55259-1-AP), tubulin (#11224-1-AP), and NADH dehydrogenase
subunit 1 (ND1) (#19,703-1-AP), were obtained from Proteintech Group, Inc
(Wuhan, China). Anti-CYP2E1 antibody (BML-CR3271-0100) was obtained
from Enzo Life Sciences (NY, USA). The antibodies were diluted according
to the manufacturer’s instructions. The membrane was incubated with the
primary antibody overnight at 4 °C, followed by detection with horseradish
peroxidase-conjugated secondary antibody.

Isolation of mitochondrial proteins
Mitochondria were isolated from 293 T cells using a mitochondria isolation
kit (Cat# C3601; Beyotime Biotechnology). Briefly, cells was collected,
washed, and homogenized in mitochondrial separation reagent according
to the manufacturer’s protocol. The mitochondrial and cytoplasmic
proteins were quantified and subjected to further analysis.

Mitochondrial stability analysis
To measure the relative mitochondrial DNA/nuclear DNA (mtDNA/nDNA)
ratio, total DNA was extracted from mouse livers using the DNA Mini
Preparation Kit (Cat# D0063; Beyotime Biotech, China). The primers for
mtDNA and nDNA are listed in supplementary Table 1.

Glutathione (GSH) measurement
Utilizing a colorimetric Glutathione Assay Kit (CS0260, Sigma-Aldrich), total
hepatic GSH was measured following the manufacturer’s instructions. First,
the frozen hepatic tissue was deproteinized using a 5% solution of
5-sulfosalicylic acid. Then, dithio-nitrobenzoic acid (DTNB) was utilized to
measure total glutathione, and spectrophotometric measurements were
taken at 412 nm.

Immunofluorescence
293 T cells were seeded onto a 24-well plate that was pre-coated with
coverslips. The overexpression plasmid, Flag-AIM2, was transfected into
the 293 T cells using Lipofectamine 3000 (Invitrogen). After 24 h, the cells
were incubated with 50 nM of Mito-tracker Red CMXRos (Cat# C1035;
Beyotime, China) for 30min. Following fixation, the cells were blocked
overnight at 4 °C with an Anti-Flag antibody (Cat# GB15938; Servicebio,
China). The following day, the cells were incubated with Alexa Fluor 488-
conjugated fluorescent secondary antibodies (Cat# A0428; Beyotime,
China), and the nuclei were stained with DAPI. Images were captured
using an Olympus IX51 microscope.

The enzyme-linked immunosorbent assay (ELISA)
Following the manufacturer’s instructions, serum was collected from the
mice and IL-6 levels were measured using an ELISA kit from BioLegend
(San Diego, CA, USA) by following the manual.

Terminal deoxynucleotidyl transferase dUTP nick end-labeling
(TUNEL) assay
The One Step TUNEL Apoptosis Assay Kit (Beyotime, Beijing, China) was
used to perform TUNEL staining for cell death according to the
manufacturer’s protocol.

Hepatic sinusoidal endothelial cell permeability
One day after APAP administration, mice were injected intraperitoneally
with Evans blue dye (20 mg/kg, Sigma-Aldrich, USA). After 4 h, the liver was
perfused with HBSS in situ, removed, and placed in formamide (4 mL/g
liver), followed by overnight incubation at 45 °C to extract the dye. The
amount of Evans blue dye in the extract solution was determined by
measuring the absorbance at 630 nm, and the permeability was calculated
and expressed as μg/g liver.
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Cell culture and transfection
The transforming growth factor-transgenic mouse hepatocytes (TAMH
cells) were grown in DMEM/F12 with 10% fetal bovine serum (FBS; Gibco,
NY, USA) and 1% penicillin/streptomycin (Thermo Scientific, Waltham, MA,
USA), and were preserved with 5% CO2 in a humid incubator at 37 °C. The
cells were a kind gift from Dr. Cynthia Ju of UTHealth in Houston, Texas.
AIM2 cDNA plasmid (MG58612-NF) was obtained from Sino Biological
(Beijing, China). Poly [dA:dT] was acquired from InvivoGen (CA, USA). For
transfection, Lipofectamine 3000 (Invitrogen) was utilized according to the
instructions.

Isolation and culture of bone marrow-derived
macrophages (BMDM)
The tibia and femur of the mice were collected after they were euthanized
using carbon dioxide. RPMI 1640 medium was used to flush the bone
marrow, and the cell suspension was filtered through a 70-µm cell filter (BD
Falcon, Bedford, MA, USA). The red blood cells were removed using a red
blood cell lysis solution after centrifugation at 500 × g. The cells were then
cultured in RPMI 1640 medium containing 10 ng/mL of macrophage
colony-stimulating factor (M-CSF) and 10% FBS for three days. Afterward,
all dishes were supplemented with 4mL of RPMI 1640 medium containing
14 ng/mL of M-CSF and 10% FBS and cultured for an additional three days.
The cells were then seeded (5 × 106/ well) onto cell culture plates for
various treatments.

Liver non-parenchymal cells (NPCs) isolation
Liver non-parenchymal cells (LNPCs) were isolated according to a pre-
established protocol [49]. Briefly, the liver was dissected and homogenized
using Hank’s balanced salt solution (HBSS) with 0.5% FBS after perfusion
with HBSS with EGTA. The resulting single-cell suspensions were filtered
through a 100-µm cell strainer (BD Falcon, Bedford, MA, USA). Liver NPCs
were then isolated using 35% Percoll (Sigma-Aldrich, St. Louis, MO, USA).
Erythrocyte lysis buffer was used for further lysis of erythrocytes. Finally,
cells were resuspended in HBSS with 2% FBS for fluorochrome-conjugated
staining.

Primary hepatocytes isolation
As previously described, primary hepatocytes were isolated using the
following protocol [50]. Briefly, mice were euthanized using carbon dioxide
and the livers were perfused with Ca2+ and Mg2+-containing HBSS buffer
in situ for 5 min. This was followed by perfusion for 2 min with a Ca2+,
Mg2+-free HBSS buffer, and then for 10min with a 0.04% solution of type
IV collagenase (Sigma-Aldrich). After digestion, the liver was gently
agitated in a 50mL Falcon tube containing Williams E medium to disperse
the cells. The liver cells were then separated from the resulting single-cell
suspension by filtration through a 100-μm cell strainer and centrifuged at
40×g for 3 min. Cell viability was assessed using trypan blue staining. For
subsequent experiments, the liver cells were seeded onto six-well petri
plates containing William’s E medium supplemented with 10% FBS.

Flow cytometry
To prevent non-specific binding, freshly isolated liver NPCs were treated
with mouse Fc receptor blockers. Fluorochrome-conjugated antibodies
were then added to the cells and incubated. These antibodies included
APC-conjugated anti-mouse F4/80 (clone BM8, #17-4801-82, eBioscience,
San Diego, CA, USA), FITC-conjugated anti-mouse Ly6C (clone AL21,
#553104, BD Biosciences, San Jose, CA, USA), PE-vio770 conjugate anti-
mouse CD11b (clone M1/70, #25-0112-82, eBioscience), APC Cyanine7
conjugated anti-mouse CD45 (clone 30F11, # 103116, Biolegend, San
Diego, CA, USA), and PE-conjugated anti-mouse Ly6G (clone 1A8, #127608,
Biolegend). Data analysis was performed using the BD FACSCanto II flow
cytometer and the FlowJo (V10) software.

RNA-sequencing and data analysis
Male WT and AIM2−/− mice at 8 and 30 weeks of age, with three mice in
each group, were used in this study. One day after APAP treatment, hepatic
specimens were obtained and immediately flash-frozen in liquid nitrogen
in 1.5 mL RNase-free EP tubes. The samples were transported on dry ice for
total RNA isolation and RNA sequencing analysis. The cDNA library was
constructed and sequenced using the BGISEQ-500 platform by the Beijing
Genomics Institute (BGI). The raw RNA-seq data has been deposited in the
Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) under the

accession code PRJNA1065821. BGI developed a platform for implement-
ing bioinformatics processes, including data screening, marker transcript
prediction, differential gene expression analysis, Gene Ontology (GO),
Kyoto Encyclopedia Genes and Genomes (KEGG) pathway analysis, and
Gene Set Enrichment Analysis (GSEA).

Statistics
The mean ± SEM was used to represent all values, and the GraphPad Prism
program (version 8.0.2) was used for analysis. A two-tailed unpaired
Student t-test or ANOVA was used to evaluate the statistical significance
between groups, depending on the number of groups being compared.
The variance is relatively consistent or stable among the groups being
compared. All experiments were performed at least three times. P values
were used to indicate the level of statistical significance, with P < 0.05
indicating significance, ** indicating P < 0.01, and *** indicating P < 0.001.

DATA AVAILABILITY
The additional data and materials during the current study are available from the
corresponding author on reasonable request.

REFERENCES
1. Rathinam VA, Jiang Z, Waggoner SN, Sharma S, Cole LE, Waggoner L, et al. The

AIM2 inflammasome is essential for host defense against cytosolic bacteria and
DNA viruses. Nat Immunol. 2010;11:395–402.

2. Rathinam VA, Vanaja SK, Fitzgerald KA. Regulation of inflammasome signaling.
Nat Immunol. 2012;13:333–42.

3. Jin T, Perry A, Jiang J, Smith P, Curry JA, Unterholzner L, et al. Structures of the
HIN domain:DNA complexes reveal ligand binding and activation mechanisms of
the AIM2 inflammasome and IFI16 receptor. Immunity. 2012;36:561–71.

4. Jin T, Perry A, Smith P, Jiang J, Xiao TS. Structure of the absent in melanoma 2
(AIM2) pyrin domain provides insights into the mechanisms of AIM2 auto-
inhibition and inflammasome assembly. J Biol Chem. 2013;288:13225–35.

5. Man SM, Karki R, Kanneganti TD. AIM2 inflammasome in infection, cancer, and
autoimmunity: Role in DNA sensing, inflammation, and innate immunity. Eur J
Immunol. 2016;46:269–80.

6. Kumari P, Russo AJ, Shivcharan S, Rathinam VA. AIM2 in health and disease:
Inflammasome and beyond. Immunol Rev. 2020;297:83–95.

7. Sharma BR, Karki R, Kanneganti TD. Role of AIM2 inflammasome in inflammatory
diseases, cancer and infection. Eur J Immunol. 2019;49:1998–2011.

8. Wilson JE, Petrucelli AS, Chen L, Koblansky AA, Truax AD, Oyama Y, et al.
Inflammasome-independent role of AIM2 in suppressing colon tumorigenesis via
DNA-PK and Akt. Nat Med. 2015;21:906–13.

9. Lee S, Karki R, Wang Y, Nguyen LN, Kalathur RC, Kanneganti TD. AIM2 forms a
complex with pyrin and ZBP1 to drive PANoptosis and host defence. Nature.
2021;597:415–9.

10. Bunchorntavakul C, Reddy KR. Acetaminophen-related hepatotoxicity. Clin Liver
Dis. 2013;17:587–607.

11. Jaeschke H, McGill MR, Ramachandran A. Oxidant stress, mitochondria, and cell
death mechanisms in drug-induced liver injury: lessons learned from acet-
aminophen hepatotoxicity. Drug Metab Rev. 2012;44:88–106.

12. McGill MR, Jaeschke H. Metabolism and disposition of acetaminophen: recent
advances in relation to hepatotoxicity and diagnosis. Pharm Res.
2013;30:2174–87.

13. Jaeschke H, McGill MR. Cytochrome P450-derived versus mitochondrial oxidant
stress in acetaminophen hepatotoxicity. Toxicol Lett. 2015;235:216–7.

14. Imaeda AB, Watanabe A, Sohail MA, Mahmood S, Mohamadnejad M, Sutterwala
FS, et al. Acetaminophen-induced hepatotoxicity in mice is dependent on Tlr9
and the Nalp3 inflammasome. J Clin Invest. 2009;119:305–14.

15. Elshal M, Abdelmageed ME. Diacerein counteracts acetaminophen-induced
hepatotoxicity in mice via targeting NLRP3/caspase-1/IL-1beta and IL-4/MCP-
1 signaling pathways. Arch Pharm Res. 2022;45:142–58.

16. Shan S, Shen Z, Zhang C, Kou R, Xie K, Song F. Mitophagy protects against
acetaminophen-induced acute liver injury in mice through inhibiting NLRP3
inflammasome activation. Biochem Pharm. 2019;169:113643.

17. Radonjic T, Dukic M, Jovanovic I, Zdravkovic M, Mandic O, Popadic V, et al. Aging
of liver in its different diseases. Int J Mol Sci. 2022;23:13085.

18. Liu R, Xu W, Zhu H, Dong Z, Dong H, Yin S. Aging aggravates acetaminophen-
induced acute liver injury and inflammation through inordinate C/EBPalpha-
BMP9 crosstalk. Cell Biosci. 2023;13:61.

19. Wang Q, Westra J, van der Geest KS, Moser J, Bijzet J, Kuiper T, et al. Reduced
levels of cytosolic DNA sensor AIM2 are associated with impaired cytokine
responses in healthy elderly. Exp Gerontol. 2016;78:39–46.

C. Hu et al.

13

Cell Death Discovery          (2024) 10:107 

https://www.ncbi.nlm.nih.gov/sra


20. Jaeschke H, Williams CD, Ramachandran A, Bajt ML. Acetaminophen hepato-
toxicity and repair: the role of sterile inflammation and innate immunity. Liver Int.
2012;32:8–20.

21. Zaher H, Buters JT, Ward JM, Bruno MK, Lucas AM, Stern ST, et al. Protection
against acetaminophen toxicity in CYP1A2 and CYP2E1 double-null mice. Toxicol
Appl Pharm. 1998;152:193–9.

22. Yan M, Huo Y, Yin S, Hu H. Mechanisms of acetaminophen-induced liver injury
and its implications for therapeutic interventions. Redox Biol. 2018;17:274–83.

23. Villarroya J, Gallego-Escuredo JM, Delgado-Angles A, Cairo M, Moure R, Gracia
Mateo M, et al. Aging is associated with increased FGF21 levels but unaltered
FGF21 responsiveness in adipose tissue. Aging Cell. 2018;17:e12822.

24. Duan L, Ramachandran A, Akakpo JY, Woolbright BL, Zhang Y, Jaeschke H. Mice
deficient in pyruvate dehydrogenase kinase 4 are protected against
acetaminophen-induced hepatotoxicity. Toxicol Appl Pharm. 2020;387:114849.

25. Lee S, Murthy N. Targeted delivery of catalase and superoxide dismutase to
macrophages using folate. Biochem Biophys Res Commun. 2007;360:275–9.

26. Tsikas D. Assessment of lipid peroxidation by measuring malondialdehyde (MDA)
and relatives in biological samples: analytical and biological challenges. Anal
Biochem. 2017;524:13–30.

27. Hanawa N, Shinohara M, Saberi B, Gaarde WA, Han D, Kaplowitz N. Role of JNK
translocation to mitochondria leading to inhibition of mitochondria bioener-
getics in acetaminophen-induced liver injury. J Biol Chem. 2008;283:13565–77.

28. Li M, Ling T, Teng F, Hu C, Su Z, Zhang C, et al. CD5L deficiency attenuate
acetaminophen-induced liver damage in mice via regulation of JNK and ERK
signaling pathway. Cell Death Discov. 2021;7:342.

29. Dai S, Liu F, Qin Z, Zhang J, Chen J, Ding WX, et al. Kupffer cells promote T-cell
hepatitis by producing CXCL10 and limiting liver sinusoidal endothelial cell
permeability. Theranostics. 2020;10:7163–77.

30. Yang H, Wang H, Andersson U. Targeting inflammation driven by HMGB1. Front
Immunol. 2020;11:484.

31. Tang D, Loze MT, Zeh HJ, Kang R. The redox protein HMGB1 regulates cell death
and survival in cancer treatment. Autophagy. 2010;6:1181–3.

32. Chao T, Shih HT, Hsu SC, Chen PJ, Fan YS, Jeng YM, et al. Autophagy restricts
mitochondrial DNA damage-induced release of ENDOG (endonuclease G) to
regulate genome stability. Autophagy. 2021;17:3444–60.

33. Liu T, Tang Q, Liu K, Xie W, Liu X, Wang H, et al. TRIM11 suppresses AIM2
inflammasome by degrading AIM2 via p62-dependent selective autophagy. Cell
Rep. 2016;16:1988–2002.

34. Zhang C, Shi X, Su Z, Hu C, Mu X, Pan J, et al. CD36 deficiency ameliorates drug-
induced acute liver injury in mice. Mol Med. 2021;27:57.

35. Zhang C, Feng J, Du J, Zhuo Z, Yang S, Zhang W, et al. Macrophage-derived IL-
1alpha promotes sterile inflammation in a mouse model of acetaminophen
hepatotoxicity. Cell Mol Immunol. 2018;15:973–82.

36. Lin Z, Wu F, Lin S, Pan X, Jin L, Lu T, et al. Adiponectin protects against
acetaminophen-induced mitochondrial dysfunction and acute liver injury by
promoting autophagy in mice. J Hepatol. 2014;61:825–31.

37. McGill MR, Sharpe MR, Williams CD, Taha M, Curry SC, Jaeschke H. The
mechanism underlying acetaminophen-induced hepatotoxicity in humans and
mice involves mitochondrial damage and nuclear DNA fragmentation. J Clin
Invest. 2012;122:1574–83.

38. Xiao TS. The nucleic acid-sensing inflammasomes. Immunol Rev.
2015;265:103–11.

39. Lugrin J, Martinon F. The AIM2 inflammasome: sensor of pathogens and cellular
perturbations. Immunol Rev. 2018;281:99–114.

40. Dihlmann S, Tao S, Echterdiek F, Herpel E, Jansen L, Chang-Claude J, et al. Lack of
Absent in Melanoma 2 (AIM2) expression in tumor cells is closely associated with
poor survival in colorectal cancer patients. Int J Cancer. 2014;135:2387–96.

41. Ma C, Li S, Hu Y, Ma Y, Wu Y, Wu C, et al. AIM2 controls microglial inflammation to
prevent experimental autoimmune encephalomyelitis. J Exp Med.
2021;218:e20201796.

42. Sun Q, Loughran P, Shapiro R, Shrivastava IH, Antoine DJ, Li T, et al. Redox-
dependent regulation of hepatocyte absent in melanoma 2 inflammasome
activation in sterile liver injury in mice. Hepatology. 2017;65:253–68.

43. Chen C, Krausz KW, Idle JR, Gonzalez FJ. Identification of novel toxicity-associated
metabolites by metabolomics and mass isotopomer analysis of acetaminophen
metabolism in wild-type and Cyp2e1-null mice. J Biol Chem. 2008;283:4543–59.

44. Moles A, Torres S, Baulies A, Garcia-Ruiz C, Fernandez-Checa JC. Mitochondrial-
lysosomal axis in acetaminophen hepatotoxicity. Front Pharm. 2018;9:453.

45. Gong Z, Zhang X, Su K, Jiang R, Sun Z, Chen W, et al. Deficiency in AIM2 induces
inflammation and adipogenesis in white adipose tissue leading to obesity and
insulin resistance. Diabetologia. 2019;62:2325–39.

46. Gunawan BK, Liu ZX, Han D, Hanawa N, Gaarde WA, Kaplowitz N. c-Jun N-terminal
kinase plays a major role in murine acetaminophen hepatotoxicity. Gastro-
enterology. 2006;131:165–78.

47. Chao X, Wang H, Jaeschke H, Ding WX. Role and mechanisms of autophagy in
acetaminophen-induced liver injury. Liver Int. 2018;38:1363–74.

48. Ni HM, McGill MR, Chao X, Du K, Williams JA, Xie Y, et al. Removal of acet-
aminophen protein adducts by autophagy protects against acetaminophen-
induced liver injury in mice. J Hepatol. 2016;65:354–62.

49. Xu C, Zhang C, Ji J, Wang C, Yang J, Geng B, et al. CD36 deficiency attenuates
immune-mediated hepatitis in mice by modulating the proapoptotic effects of
CXC chemokine ligand 10. Hepatology. 2018;67:1943–55.

50. You Q, Holt M, Yin H, Li G, Hu CJ, Ju C. Role of hepatic resident and infiltrating
macrophages in liver repair after acute injury. Biochem Pharm. 2013;86:836–43.

ACKNOWLEDGEMENTS
We thank Professor Cynthia Ju (UTHealth, USA) for the gift of mouse TAMH cell line.

AUTHOR CONTRIBUTIONS
QY, TZ, and GJ conceived and designed experiments; ML, CH, YC, and FT performed
the experiments; WC, HW, TL, YZ, HX, JP, and YZ performed data analysis and
interpretation; CH and QY wrote the manuscript. All authors read and approved the
final manuscript.

FUNDING
This work was supported by the Jiangsu medical scientific research project of the
Jiangsu Health Commission, the National Natural Science Foundation of China (grant
number 81870409), the 789 Outstanding Talent Program of SAHNMU
(789ZYRC202070102), Jiangsu Province Capability Improvement Project through
Science, Technology and Education, Jiangsu Provincial Medical Key Discipline
Cultivation Unit (JSDW202235), China Postdoctoral Science Foundation
(2023M730675), and Shanghai Sailing Program (23YF1406800).

COMPETING INTERESTS
The authors declare no competing interests.

ETHICAL APPROVAL
All animal procedures were approved by the Laboratory Animal Core Facility of
Nanjing Medical University.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-024-01870-2.

Correspondence and requests for materials should be addressed to Guozhong Ji,
Ting Zhao or Qiang You.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

C. Hu et al.

14

Cell Death Discovery          (2024) 10:107 

https://doi.org/10.1038/s41420-024-01870-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	AIM2 regulates autophagy to mitigate oxidative stress in aged mice with acute liver�injury
	Introduction
	Results
	AIM2 gene knockout exacerbates acute liver damage induced by APAP in aged mice (&#x0003E;30�Weeks)
	AIM2 deficiency modifies APAP metabolism and enhances inflammatory response in�mice
	Comparing genetic alterations in WT and AIM2&#x02212;/&#x02212; mice aged 6–8 and 30–32 weeks following APAP overdose
	Deletion of AIM2 promotes lipid deposition and increases lipid peroxidation
	AIM2 deficiency promotes activation of JNK and ERK signaling pathways
	AIM2 deficiency promotes ERK signaling activation in macrophages and inhibits autophagy pathway activation in hepatocytes
	Impact of AIM2 deficiency on monocyte and neutrophil infiltration in the�liver
	Rapamycin-induced autophagy activation ameliorates acute liver injury caused by�APAP

	Discussion
	Materials and methods
	Mice
	Induction and assessment of acute hepatic�injury
	Quantitative real-time�PCR
	Histological analysis
	Western blotting
	Isolation of mitochondrial proteins
	Mitochondrial stability analysis
	Glutathione (GSH) measurement
	Immunofluorescence
	The enzyme-linked immunosorbent assay (ELISA)
	Terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL)�assay
	Hepatic sinusoidal endothelial cell permeability
	Cell culture and transfection
	Isolation and culture of bone marrow-derived macrophages�(BMDM)
	Liver non-parenchymal cells (NPCs) isolation
	Primary hepatocytes isolation
	Flow cytometry
	RNA-sequencing and data analysis
	Statistics

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




