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Hepatocyte-specific NR5A2 deficiency induces pyroptosis and
exacerbates non-alcoholic steatohepatitis by downregulating

ALDH1B1 expression
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Nonalcoholic steatohepatitis (NASH) is a prevalent chronic disease, yet its exact mechanisms and effective treatments remain
elusive. Nuclear receptor subfamily 5 group A member 2 (NR5A2), a transcription factor closely associated with cholesterol
metabolism in the liver, has been hindered from comprehensive investigation due to the lethality of NR5A2 loss in cell lines and
animal models. To elucidate the role of NR5A2 in NASH, we generated hepatocyte-specific knockout mice for Nr5a2 (Nr5a2%°) and
examined their liver morphology across different age groups under a regular diet. Furthermore, we established cell lines expressing
haploid levels of NR5A2 and subsequently reintroduced various isoforms of NR5A2. In the liver of Nr5a2™° mice, inflammation and
fibrosis spontaneously emerged from an early age, independent of lipid accumulation. Pyroptosis occurred in NR5A2-deficient cell
lines, and different isoforms of NR5A2 reversed this form of cell death. Our findings unveiled that inhibition of NR5A2 triggers
pyroptosis, a proinflammatory mode of cell death primarily mediated by the activation of the NF-kB pathway induced by reactive
oxygen species (ROS). As a transcriptionally regulated molecule of NR5A2, aldehyde dehydrogenase 1 family member B1 (ALDH1B1)
participates in pyroptosis through modulation of ROS level. In conclusion, the diverse isoforms of NR5A2 exert hepatoprotective

effects against NASH by maintaining a finely tuned balance of ROS, which is contingent upon the activity of ALDH1B1.

HIGHLIGHTS

® NR5A2 hepatocyte knockout mice aggravate NASH through NF-kB pathway and pyroptosis.
® NR5A2 transcriptionally upregulates ALDH1B1, inhibiting ROS.

® ALDH1B1 rescue experiments underscored its significance in NR5A2 mediated pyroptosis.
® Distinct NR5A2 isoforms exert consistent effect on ALDH1B1 expression and pyroptosis.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), an inflammatory liver
disease, exhibits a rising prevalence from 25.5% in or before 2005
to 37.8% in 2016 or later and has a 30% average global prevalence
between 1990 and 2019 [1, 2]. Nonalcoholic steatohepatitis
(NASH) is a reversible stage within NAFLD spectrum with an
ambiguous pathogenic mechanism. Only one medication,

Rezdiffra, has recently received approval from the Food and Drug
Administration (FDA) for the treatment of NASH. This situation
emphasizes the necessity for effective strategies to address NASH.

NR5A2 is a widely expressed transcription factor in vertebrate
animals and plays a crucial role in embryonic survival [3, 4]. It has
been reported that NR5A2 can participate in metabolism by
modulating ingestion system and digestive system [5, 6]. A close
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relationship has been established between NR5A2 and cytochrome
P450 family members, including CYP7A1, CYP8B1, CYP19, and
CYP11a/b. These interactions play a crucial role in the synthesis of
steroidal hormones and sterol metabolism within organisms
[7-11]. Cholesteryl ester transfer protein (CETP), Scavenger
receptor class B type | (SR-Bl) and ATP binding cassette subfamily
G member 5/8 (ABCG5/8) are cholesterol transporter molecules
regulated by NR5A2 either independently or in cooperation with
LXR/RXR and FXR [12-14]. Furthermore, Nr5a2 regulation of ELOVL
fatty acid elongase 5 (Elovl5), Cyp8b1 and fatty acid desaturase 2
(Fads2) influences the arachidonoyl phospholipid pools in the
livers of mice [15]. And impaired SUMOylation of NR5A2 has been
found to promote NASH [16]. These researches supported that the
NR5A2 played a crucial role in NASH.

NR5A2 has been proposed as a potential cancer marker due to
its upregulation in tumors [17-19]. Suppression of NR5A2 leads to
downregulation of cyclin E1 and subsequent apoptosis [20, 21].
These studies revealed that NR5A2 participated in lifecycle. In our
study, we noticed that the cell death during incubation of NR5A2
knockout liver cell line may not be limited to apoptosis alone.
Pyroptosis emerges as a promising avenue for further investiga-
tion linking NR5A2 and NASH.

Pyroptosis, also known as inflammatory necrosis, can accelerate
the progression of NAFLD into an irreversible state [22, 23]. This
mode of death is characterized by cellular swelling leading to
membrane rupture and release of IL-1B [24]. The gasdermin family
member, GSDMD, has been identified as a key player in the
pyroptosis [25-27]. Additionally, the NF-kB pathway has been
implicated in this inflammatory form of cell death [28, 29]. It has
been suggested that NR5A2 indirectly regulates the NF-kB
pathway through ERa, but there may be another regulatory
pathway for the existence of mediate effect of NR5A2 on NF-kB
pathway without Era [30].

Subsequently, we identified ALDH1B1 as a target gene of
NR5A2, which is widely recognized for its crucial role in alcohol
metabolism as an acetaldehyde dehydrogenase. Notably,
ALDH1B1 exhibits substrate activity towards lipid peroxide
products such as malonaldehyde (MDA) and 4-hydroxynonenal
(4-HNE) [31, 32], both of which are induced by reactive oxygen
species (ROS) and can alter the fluidity and permeability of cell
membrane [33]. ROS serves as a typical activator of the NF-kB
pathway and pyroptosis [34, 35]. Lipid peroxide products have
been found to positively regulate the NF-kB pathway [36].
Regarding pyroptosis, different perspectives exist. 4-HNE has
been demonstrated to inhibit the activation of the NLRP3
inflammasome and macrophage pyroptosis [37]. However, it has
also been observed that lipid peroxidation induces the forma-
tion of pores in the cell membrane through GSDMD-N bond with
phospholipids [38]. ALDH2, which shares a sequence homology
of 75% with Aldh1b1, has been investigated for its role in
alleviating oxidative stress [31, 39]. Collectively, we hypothesize
that deletion of NR5A2 may induce pyroptosis dependent on
ALDH1B1.

RESULTS

NR5A2 was downregulated in the liver of NASH patients and
animal model

NR5A2, a crucial transcription factor involved in liver lipid
metabolism, remains poorly understood in its association with
NASH due to challenges posed by ineffective antibodies, the
presence of different isoforms, and the cell survival issues
associated with knockout models [6, 40]. In this study, we
examined four human isoforms, three mouse isoforms, and three
rat isoforms of NR5A2 through protein sequence alignment
(Fig. STA-S1C). Overexpression of various flag-tagged NR5A2
isoforms for human, mouse and rat was achieved in the LO2 cells.
The NR5A2 antibody obtained from R&D SYSTEMS (PP-H2325-00)
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was chosen to identify the location of NR5A2 bands within the
range of 50-70 kDa (Fig. S1D, S1E).

In patients with NASH, there was a declining trend observed in
the expression of NR5A2, although no statistically significant
differences were detected at either the transcriptional or protein
level (Fig. 1A-C). Furthermore, Nr5a2 expression exhibited a
significant decrease in the livers of BKS-db mice, which serve as a
model of type 2 diabetes and NASH (Fig. 1D-F), as well as in the
livers of mice induced by high-fat diet (HFD) alone or HFD combined
with carbon tetrachloride (CCL4) treatment (Fig. 1G, H). There is a
coherence in one NASH model established by Guo et al. [41]. Human
LO2 cells or mouse AML12 cells were separately exposed to varying
dose of cholesterol to establish cell models, considering the key role
of NR5A2 as a transcription factor in cholesterol metabolism.
Notably, at 80 pg/mL cholesterol concentration, LO2 cells exhibited a
significant reduction in NR5A2 expression compared to AML12 cells
which required 320 ug/mL for a similar effect (Fig. 11).

The emergence of spontaneous inflammation predated the
formation of lipid droplets in the livers of hepatocyte-specific
Nr5a2 knockout mice

The Nr5a2"° mice, a hepatocyte-specific knockout mice model of
Nr5a2, was generated by crossbreeding Nr5a21/ " mice with
Alb-Cre mice (Fig. S2A, S2B). Mouse tail and liver DNA were
extracted for successful verification of the knockout (Fig. S2C,
S2D). Subsequently, the specific knockout of Nr5a2 in hepatocytes
rather than other tissues was further confirmed (Fig. S2E-S2I).

The 12-week-old and 32-week-old Nr5a2"® mouse models
were cultivated. No discernible differences in the physical
appearance and weight of the body, liver, and adipose tissue
were observed between Nr5a21/% and Nr5a2"° mice at 32
weeks of age (Fig. S3A-S3E). Liver morphology analysis revealed
exacerbated lipid accumulation, inflammation, and fibrosis in the
32-week-old Nr5a2™° mice compared to their littermates,
consistent with reduced serum HDL-cholesterol levels and
increased LDL-cholesterol levels (Fig. 2A, B). The presence of
inflammatory infiltrate and fibrosis in the paraffin liver sections of
Nr5a2™° mice at 12 weeks of age is noteworthy due to the
absence of visible lipid droplets formation (Fig. 2A).

Liver lipid-related genes has an inconsistent tendency in the
Nr5a2™° mice model (Fig. 2C). The expression of inflammation-
and fibrosis-related genes was found to be upregulated in the liver
of Nr5a2"° mice, without any compensatory effects (Fig. 2D, E).
Liver morphology analysis in 5-week-old and 8-week-old Nr5a2"°
mouse models revealed early onset of inflammation infiltration
and fibrogenesis in the liver (Fig. 2F). At the age of 12 weeks, there
were no significant differences observed in the restiratory
exchange ratio (RER) between Nr5a2/1°* and Nr5a2"° mice
(Fig. 2G). However, in 32-week-old Nr5a2™° mice, there was an
upward trend observed, suggesting a disruption in lipid oxidation
within the Nr5a2™° group (Fig. 2H). The activity and heat
production were comparable between these two groups; how-
ever, Nr5a2™© mice exhibited a prolonged duration of rest state
(Fig. S3F-S3I). In the 32-week model, change of serum triacylgly-
cerol indicated an upregulation of lipid transport into liver
(Fig. S3J, S3K). ALT and AST provided valueless information in
32-week Nr5a2™© mice model (Fig. S3L, S3M). ITT and GTT tests
demonstrated that glucose metabolism remained unaffected in
the Nr5a2"° group (Fig. 2I). These findings suggest that
hepatocyte-specific knockout of Nr5a2 initially leads to inflamma-
tion followed by lipid accumulation and accelerated NASH
progression independent of glucose metabolism. However, the
underlying mechanism for this phenomenon remains unclear.

Pyroptosis was observed in the NR5A2-deficient cell lines and
in hepatocyte-specific Nr5a2 knockout mice

To investigate the functional role of NR5A2, we employed a gene
knockout strategy in cell lines. For subsequent reintroduction of
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Fig. 1 NR5A2 expression decreased in the liver of patients with NASH and mouse models of NASH. A-C Western blotting (A), statistical
analysis (B), and RT-qPCR assay (C) were performed to evaluate the expression of NR5A2 in the livers of NASH patients and control group.
N = 6/group, ns not significant. Data are presented as means + SD. D-F Western blotting (D), statistical analysis (E), and RT-qPCR assay (F) were
conducted to assess liver Nr5a2 expression in BKS-db mice and BKS-NC mice. N = 6/group, **P < 0.01, ***P <0.001. Data are presented as
means = SD. G, H Immunohistochemical staining (G) and RT-qPCR assay (H) were employed to detect Nr5a2 expression in the HFD and
HFD + CCL4 induced NASH mouse model. N = 5-6/group, ****P < 0.0001. Data are presented as means + SD. | RT-qPCR was used to measure
NR5A2 mRNA levels in LO2 and AML12 cell lines stimulated with different concentrations of cholesterol for 24 h. N = 6/group, *P < 0.05. Data
are presented as means + SD.

NR5A2 different isoforms, specifically, we designed two guide RNAs distinct band at 521bp band following excision, while no
(gRNAs) targeting intron 1 and intron 5 to excise NR5A2 from LO2 amplification was observed in the control group due to the
cell line, referred to as LO2-NR5A2'™3%7 (Fig. 3A). Additionally,  sequence length constraints (Fig. S4A). Two gRNAs targeting exon2
primers flanking the cleavage sites were designed for verification of and exon5 were selected to enhance the efficiency of knockout in
exon2 to exon5 removal. Agarose gel electrophoresis revealed a LO2 cell line, designated as LO2-NR5A2%%® (Fig. 3A). The expected
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band size indicating successful excision between the two cleavage
sites should be approximately 202bp (Fig. S4A). Surprisingly,
complete knockout of NR5A2 was not achieved; however, a
significant reduction in expression was observed (Fig. S4B).
Replication of the experiment confirmed that one monoclonal cell
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line, LO2-NR5A2'""%397°%4  exhibited stable haploid expression of
NR5A2 (Figs. 3B, S4C and S4D). The attempt to culture LO2-
NR5A2%®> monoclonal cell line was unsuccessful due to the lethal
consequences of NR5A2 loss [40]. In the AML12 cell line, the
knockout strategy for Nr5a2 and the identification of Nr5a2
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Fig.2 The hepatic inflammation and fibrosis preceded lipid accumulation in Nr5a
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2"%% mice. A Liver morphology of 32-week-old and 12-

week-old Nr5a2"° mice and their littermate was examined. B Serum levels of LDL cholesterol and HDL cholesterol were measured in the 32-

week-old Nr5a2H®

mice model. N=6/group, **P < 0.01, ****P <0.0001. Data are presented as means+SD. C, D RT-qPCR analysis was

performed to assess the expression of genes related to lipid metabolism (C) (2 technical replicates), as well as inflammation and fibrosis (D), in
the liver of 12-week-old Nr5a2™° mice model. N = 6/group, *P < 0.05, **P < 0.01, ****P < 0.0001. Data are presented as means + SD. E The

expression levels of Tnf-a and /I-18 were determined by RT-qPCR in the liver of 32-week-old Nr5a

2H%9 mice model. N = 6/group, ns, not

significant, *P < 0.05. Data are presented as means + SD. F Liver paraffin sections from 5-week-old and 8-week-old Nr5a2"*° mice model were
stained with HE and sirius red for histological examination. G, H Respiratory exchange ratio was measured in the 12-week-old (G) and 32-
week-old (H) Nr5a2™%° mice model. N = 6/group, data are presented as means + SD. I Insulin tolerance test (ITT) and glucose tolerance test

mice model. N =6/group, data are presented as means + SD.

(GTT) were conducted on the 32-week-old Nr5a2"*®
«

expression were conducted similarly as in the LO2-NR5A2'™%7 cell

line (Fig. S4E, S4F). This interfered cell line was designated as AML12-
Nr5a2°™327 which could not be maintained as a monoclonal cell
line. During the process of monoclonal cell culture, we observed a
distinct form of cell death that differed from puromycin-induced cell
death (Fig. 3C). Considering the significant inflammatory phenotype
exhibited by NR5A2™C mice, we hypothesized that this novel form
of cell death may represent pyroptosis. Transmission electron
microscope (TEM) displayed a consistent tendency of LO2-
NR5A2"M9397°% and LO2-NR5A2°*®> cell lines: decreased electron
density of the cell matrix, mitophagosomes appearance and cell
membrane swelling (Fig. 3D).

Liver RNA-Seq was conducted on 5-week-old Nr5a mice and
their littermates at LC-Bio Technologies (HangZhou) Co.Ltd.
Heatmaps depicting the clustering of pyroptosis, ferroptosis and
cuproptosis pathways were generated for both Nr5a2"*° mice and
their littermate (Figs. 3E and S4G). The results revealed an activation
of the pyroptosis pathway in Nr5a2™¥° mice, while the ferroptosis
and cuproptosis pathways remained unaffected. This hypothesis
was further supported by the detection of Gsdmd-N, a key marker of
pyroptosis, in liver tissue from 5-week-old Nr5a2™"° mice (Fig. 3F).
The phosphorylation of NF-kB-p65 was enhanced, accompanied by
the upregulation of NIrp3 and the cleavage of IL-1f3 (Fig. 3F, G). The
lactic dehydrogenase (LDH) in the supernatant of NR5A2 deficiency
liver cell lines presented an upregulated tendency (Fig. 3H, I). In LO2
cell lines, both NR5A2'™%*%” and NR5A2°®®° exhibited cleaved
Caspase-1, a typical molecule responsible for GSDMD cleavage
(Fig. 3J). The AML12-Nr5a25™3%’ cell line showed a corresponding
trend in this death pathway, demonstrating evident Gsdmd-N
expression (Fig. 3K). Immunohistochemical staining of Caspase-1 in
the livers of Nr5a2™¢™ and Nr5a2™° mice supported our
hypothesis that Nr5a2 knockout induces pyroptosis in hepatocytes
(Fig. S4H). We observed an upregulation of pro-Caspase-1 in the
AML12-Nr5a2°"3%” cell line (Fig. 3K), which was further confirmed by
immunofluorescence analysis (Fig. S4l). Additionally, mRNA levels of
NLRP3 were enhanced in NR5A2-deficient cell lines (Ficg. S4J, S4K).
Human IL-1B in the supernatant of LO2-NR5A2'"™9397°“* and LO2-
NR5A2%%%5 cell lines were increased (Fig. S4L).

2HKO

Pyroptosis in NR5A2-knockout cell lines can be attributed to
ROS-induced activation of NF-kB pathway

The NF-kB pathway, which is upstream of pyroptosis, plays a
prominent role in the NOD-like receptor signaling pathway.
Various inhibitors targeting the NF-kB pathway were utilized to
elucidate its precise regulatory mechanism. It was observed that
increasing concentrations of BAY11-7082, a well-known inhibitor
of IkBa phosphorylation, led to a gradual decrease in Caspase-1
cleavage in the LO2-NR5A2'3%7 cell line (Fig. 4A). MCC950, an
effective and selective inhibitor of NLRP3, does not interfere with
NF-kB-p65  phosphorylation. The concentration-dependent
decrease in cleaved Caspase-1 was evident upon treatment with
increasing concentrations of MCC950 (Fig. 4A). The inhibition of
Gsdmd-N production by BAY11-7082 and MCC950 in the AML12-
Nr5a2%"327 cell line confirmed that the effect of Nr5a2 deletion on
pyroptosis is not altered due to species differences (Fig. 4B). The
mildly intensified phosphorylation of the NF-kB-p65 upstream
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moleculars observed in the liver of Nr5a2™° mice model provided

further support for our assumptions (Fig. S5A). Therefore, NR5A2
knockout in mice or liver cell lines activated pyroptosis via the NF-
KB-NLRP3 pathway. Gene Set Enrichment Analysis (GSEA) revealed
upregulation of inflammation hallmarks associated with the NF-«kB
pathway in Nr5a2™° mice (Fig. 4C, D). However, there was no
increased expression of TLR2 and MyD88, classical components in
the upstream NF-kB pathway, in LO2-NR5A2'™%*%7 and LO2-
NR5A22%%5 cell lines compared to the negative control (Fig. S5B).
To investigate the activation of the NF-kB pathway, we performed
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis using liver RNA-Seq data from 5-week-old
Nr5a2™° mice model. Notably, the Age-Rage signaling pathway in
diabetic complications emerged as one of the top five candidate
pathways,  characterized by  upregulated ROS levels
(Figs. 4E and S5C). Additionally, MDA, a marker for ROS production,
was detected in both Nr5a2"1* and Nr5a2™° mouse livers. At the
age of 5 weeks, a s'gniﬁcant elevation in hepatic MDA levels was
observed in Nr5a2™° mice, while no such increase was detected in
the serum (Fig. 4F). By 8 weeks, Nr5a2™° mice exhibited a
noticeable increase in serum MDA levels (Fig. 4G). Consistently, ROS
levels were significantly elevated in the LO2-NR5A2""9*7%* cell line,
mirroring the findings observed in Nr5a2"*° mice (Fig. 4H).

Downregulation of ALDH1B1 in Nr5a2"® mice exacerbates
ROS level and activates the NF-kB pathway

Aldh1b1, exhibiting a higher oxidation efficiency in MDA
compared to 4-HNE, emerged as one of the significantly altered
genes in the Nr5a2™° mice according to the volcano plot
(Figs. 5A and S6A) [42]. Given that Aldh2 demonstrates resistance
to oxidative stress, it is reasonable to hypothesize that Aldh1b1 may
function similarly [43]. There was a significant downregulation of
ROS when ALDH1B1 was overexpressed in the LO2 cell line, both in
the absence and presence of cholesterol (Fig. 5B). Although one
molecular, Sod2, has been implicated in ROS changes in
hepatocytes stimulated with the NR5A2 agonist, no regulation
was observed in Nr5a2"%° mice model in our study [44].

The liver of Nr5a2"™° mice exhibited a significant reduction in
Aldh1b1 expression (Fig. 5C-F). Subsequently, we investigated the
impact of ALDH1B1 on the NF-kB pathway. Upon cholesterol
stimulation, an attenuated immunofluorescence signal for phos-
phorylated NF-kB-p65 in the nucleus was observed in the Aldh1b1-
overexpressing AML12 cell line, indicating that Aldh1b1 inhibited
the activation of the NF-kB pathway (Fig. 5G). The observed
alterations in the LO2 cell line consistently yielded significant results
(Figs. 5H and S6B). Subsequent knockout of ALDH1B1 in the LO2
cells led to activation of the NF-kB pathway, accompanied by
upregulation of its downstream molecule NLRP3 (Fig. S6C-S6E).
Additional cholesterol stimulation, which exacerbates ROS produc-
tion, can accentuate the observed effects (Figs. 5H and S6D) [45].

NR5A2 transcriptionally upregulates ALDH1B1 expression by
directly binding to its promoter region in both mouse

and human

After transfecting the LO2 cell line with various transcripts of
NR5A2 derived from different species, all isoforms of NR5A2

SPRINGER NATURE
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demonstrated an upregulation of ALDH1B1 expression (Fig. S6F).
The sequence spanning from —2000 bp to +100bp was
submitted to both the Animal Transcription Factor Database
(Animal TFDB3.0) and JASPAR database for precise prediction of
NR5A2 binding sites. In the human ALDHI1B1 promoter region
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(hAP-NBS), three putative binding sites for human NR5A2 were
identified at positions —1610 bp to —1595bp, —83 bp to —68 bp,
and —61 bp to —39 bp, respectively (Fig. 6A). Similarly, the mouse
Aldh1b1 promoter area also harbored three predicted binding
sites for mouse Nr5a2 at positions-1961 bp to —1936 bp, —1854
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Fig. 3 Pyroptosis was observed in the hepatocytes of Nr5a2"¥° mice, as evidenced by the occurrence of cell death in NR5A2-deficient

cell lines. A A schematic diagram illustrating the desi%n of NR5A2 knockout in LO2 cell line. B RT-qPCR analysis was performed to determine
the expression level of NR5A2 in the LO2-NR5A2' 9397 cell line. LentiV2 refer to the LentiCRISPR-v2 vector. N = 8/group, ****P < 0.0001. Data
are presented as means = SD. C Morphological changes associated with cell death were observed using optical microscopy during the
monoclonal cell line cultivation. D Morphological changes associated with cell death were observed using transmission electron microscope
(TEM) in the LO2-LentiV2 (control group), LO2-NR5A2""%397°%* and LO2-NR5A22®° cell lines, Scale bars, 2m and 200 nm. E Heatmap
representation of genes related to pyroptosis based on RNA-seq data obtained from 5-week-old Nr5a2"*° mice model, N:3/group.
F Western blotting was conducted to assess the expression levels of pyroptosis molecules in the liver tissue of 5-week-old Nr5a2™“ mice
model. G Immunohistochemical staining of Cleaved-ll-1p in the liver paraffin sections of 12-week-old Nr5a2"*°® mice model. H, I Lactic
dehydrogenase (LDH) release of LO2-NR5A2""9397-C4 (1) | 02-NR5A22%%> (H), AML12-Nr5a2%"3?7 (1) and their control cell lines. N = 3/group,
**P < 0.01, ****P < 0.0001. Data are presented as means + SD. J, K Western blotting analysis was performed to evaluate key molecules involved

in the pyroptosis process in the LO2-NR5A2'"%37 (J), LO2-NR5A2%®®> (J) and AML12-Nr5a2%">? (K) cell lines, respectively.
<

bp to —1834 bp, and —630 bp to —612 bp (Fig. 6B). Luciferase
activity was enhanced upon the addition of the corresponding
ALDH1B1 promoter in response to human and mouse NR5A2
overexpression (Fig. S6G). Notably, the fluorescence intensity of
the half truncation variant, 2hAP, remained comparable to that of
the full sequence, suggesting that either the first predicted
binding site or the deleted sequence is not influenced by NR5A2
regulation (Fig. 6C). After eliminating the second predicted
binding site, the fluorescence intensity of 3hAP was significantly
attenuated (Fig. 6C). The dual luciferase reporter assay on
truncations identified two potential binding sites, hAP-NBS2 and
hAP-NBS3, within the promoter region of ALDHIB1 for human
NR5A2 (Fig. 6C). Similarly, analysis of Nr5a2 regulation on Aldh1b1
in mice revealed mAP-NBS1 and mAP-NBS3 as candidate binding
sites (Fig. 6D).

According to the JASPAR database, NR5A2 binds to the
consensus sequence 5-CAAGG-3' or 5-CCTTG-3', which is
consistent with previous research findings (Fig. 6E) [46, 47]. The
selection of mutant site was based on the binding frequency of
each base. Specifically, 5'-CAAGG-3’ and 5-CCTTG-3' were mutated
to 5-CAACT-3' and 5-CGTAG-3', respectively (Fig. 6E). The
luciferase activity assay confirmed the accuracy of hAP-NBS2
prediction, while no significant difference was observed for the
third mutation compared to the original sequence (Fig. 6F). Mouse
Nr5a2 exhibited successfully binding to mAP-NBS1 but failed to
bind mAP-NBS3 (Fig. 6G).

ALDH1B1 expression was signiﬁcantl;/ attenuated in the LO2-
NR5A2'"9397°C4 and  AML12-Nr5a25"32” cell lines (Fig. 6H, I).
Lentiviral-mediated overexpression of the full-length isoform of
human NR5A2 in LO2 or mouse Nr5a2 in AML12 resulted in
augmented transcript and protein levels of both human and
mouse ALDH1B1 (Fig. 6J, K).

ALDH1B1 attenuated the pyroptosis in NR5A2-deficient cell
lines, and diverse isoforms of NR5A2 demonstrated a
comparable effect
In the NASH group, ALDH1B1 expression was relatively lower in the
human liver (Fig. 7A-C). Although Aldh1b1 expression in liver
paraffin sections of BKS genetic mice was lower compared to C57BL/
6J genetic mice, the distribution of Aldh1b1 was still wider in non-
leptin knockout mice than in BKS-db mice (Fig. 7D). These results
showed a similar trend to NR5A2 expression in the NASH model. We
overexpressed ALDH1B1 in the LO2-NR5A2'"*%°%* and AML12-
Nr5a2°™27 cell lines, resulting in its effective inhibition of the
pyroptosis pathway (Fig. 7E, F). However, no cell death was observed
upon ALDH1B1 knockout in the LO2 cell line. Therefore, the principal
cause of pyroptosis in NR5A2-deficient cells is ascribed to the
accumulation of ROS due to compensatory overloaded lipid
metabolism and the loss of reactive oxygen scavenging genes.
The overexpression of diverse isoforms of NR5A2 in the LO2-
NR5A2""9397°C4 ce|| |ine resulted in upregulation of ALDH1B1 and
obvious inhibition of the NF-kB pathway (Fig. 7G). Similarly, the
mouse Nr5a2 isoforms in the AML12-Nr5a2%™%” cell line showed
the same result (Fig. 7H). The cleavages of caspase-1 in the LO2
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cell line and Gsdmd in the AML12 cell line were abolished (Fig. 7G, H).
Furthermore, Nr5a2"™° mice exhibited distinct liver fibrosis compared
to Nr5a2 1 mice (Fig. 2A, F). TGF-B plays a pivotal role in
regulating fibrosis and can be modulated by AP-1, a complex
influenced by NR5A2 [48, 49]. Inhibition of NR5A2 in the LO2 and
AML12 cell lines led to an upregulation of TGF-B, with all isoforms of
NR5A2 exhibiting inhibitory regulatory effect (Fig. 7I, J). The
moderately increased level of TGF-B observed in the AML12-
Nr5a2°"3?’ cell line may be attributed to compensatory mechanisms
involving residual NR5A2. Collectively, these rescue experiments
involving different isoforms of NR5A2 provided evidence for their
conserved function in promoting transcription and inhibiting
pyroptosis (Figs. 7G-J, S1A and S1B).

DISCUSSION

The excessive accumulation of lipid may indicate the initiation of
NAFLD spectrum. However, short-term HFD feeding induces mild
inflammation, suggesting that inflammation is a consequence of
prolonged lipid stimulation [50]. Hepatocyte-specific knockout mice
of NR5A2 resulted in liver inflammation prior to the appearance of
lipid droplets, which is in step with that inflammation may precede
steatosis in certain instances [51]. NR5A2 was downregulated in
patients with NASH and mouse models of NASH. The intervention of
NR5A2 gave an interference in the upstream of complex regulation
network especially in inflammation. To the best of our knowledge,
NR5A2 is commonly reported to activate inflammation through AP-
1, a transcription factor [52]. However, rescue experiment involving
ALDH1B1 revealed that pyroptosis is primarily attributed to ROS
rather than AP-1 in NR5A2 deficiency cell lines. This suggests that
the inflammation observed in the Nr5a2™° mice is influenced by
multiple factors.

The activation of pyroptosis via NF-kB pathway was found to be
dependent on ROS in NR5A2 knockout conditions. Apoptosis
occurred in cell lines with inhibited NR5A2 expression [21, 53].
Moreover, NR5A2 exhibited a protective role against cellular
stimuli and promoted cell proliferation, thereby acting as a crucial
molecule in cancer cells [54, 55]. In the duration of protection,
NR5A2 demonstrated a close association with mitochondria [56].
Our finding revealed the downregulation of ALDH1B1, a
mitochondrial enzyme, in the absence of NR5A2. Although an
effective inhibitor called IGUANA-1 has been identified for
ALDH1B1, no activator of ALDH1B1 has been investigated thus
far. Given its potential as a cancer marker, targeting ALDH1B1
could be a promising strategy to inhibit cancer progression.
However, exploiting the tissue-specific distribution and character-
istics of this metabolic enzyme may offer opportunities for
effectively preventing chronic diseases.

The rescue experiments of different NR5A2 isoforms showed no
discernible difference in their impact on the transcriptional
function and regulation of pyroptosis. The conserved region of
NR5A2, starting from its DNA-binding domain, suggests that the
A/B domain is not essential for its regulatory function. This finding
aligns with a previous study [6].
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Fig. 4 ROS serves as a pivotal factor in pyroptosis activation through NF-kB pathway in the context of NR5A2 deficiency. A, B Western
blotting analysis was performed to detect the expression of pyroptosis-related molecules in the LO2-NR5A2""%3%7 (A) and AML12- Nr5a2°"3?7 (B) cell
lines after treated with gradient concentrations of inhibitors BAY11-7082 and MCC950. C, D GSEA was conducted to analyze the NF-xB pathway (C)
and inflammation (D) using RNA-seq data from 5-week-old Nr5a2"*® mice model. E KEGG Enrichment Scatterplot of 1285 different expressed genes
(DEGs), based on the RNA-seq data from 5-week-old Nr5a2™© mice model. F MDA content assay was performed to measure liver and serum levels in
the 5-week-old Nr5a2™° mice model. N = 3/group, ns, not significant, *P < 0.05. Data are presented as means + SD. G Serum MDA content assay of 8-
week-old Nr_5a2HKO mice model (3 technical replicates). N = 3/group, *P < 0.05. Data are presented as means + SD. H ROS assay was carried out in the
LO2-NR5A2""9597C4 el line and its negative control. N = 7/group, ****P < 0.0001. Data are presented as means = SD.
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There remains a gap in our understanding the intercellular
interactions required for the survival of hepatocytes lacking Nr5a2
in vivo. It is plausible that endocrine or paracrine signaling plays a
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role in protecting hepatocytes from death. Further experiments
are warranted to elucidate the underlying mechanisms respon-
sible for this protective effect.
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Fig. 6 NR5A2 transcriptionally upregulates the expression of ALDH1B1. A, B Schematic representation of predicted NR5A2 binding sites in
the promoter region of human (A) and mouse (B) ALDH1B1, as assessed by the dual luciferase reporter assay. The promoter region spans from
—2000 bp to +100 bp relative to the transcriptional start site in human and from —2079 bp to +100 bp in mice. h(m)AP-NBS: NR5A2 binding
site within the promoter region of human (mouse) ALDH1B1. (C-D) Evaluation of NR5A2 transcription activity on truncated versions of human
(€) and mouse (D) ALDH1B1 promoter regions using a dual-luciferase reporter system. h(m)AP: promoter region of human (mouse) ALDH1B1. 2/
3 h(m)AP: The second or third truncation of the promoter region. N = 3/group, ns, not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001. Data
are presented as means + SD. E Schematic representation of NR5A2 binding site mutations in the promoter region of ALDH1B1. F, G Dual-
luciferase reporter system employed to analyze the transcriptional activity of NR5A2 on the mutated human (F) and mouse (G) ALDH1B1
promoter region. h(m)AP-mut1/2/3 indicates mutation at the first, second or third predicted binding site was mutant in human (mice).
Human: N = 3/group, mouse: N = 6/group, ns not significant, ***P < 0.001, ****P <0.0001. Data are presented as means+SD. H Western
blotting analysis of ALDH1B1 expression in the LO2-NR5A2'23%7°¢4 and AML12-Nr5a2%"3%” cell lines. | RT-qPCR quantification of ALDHTB1
expression in the LO2-NR5A2'"?397, L 02-NR5A22%®> and AML12-Nr5a2%"3%” cell lines. LO2: N = 3/group, AML12: N = 4/group, *P < 0.05. Data
are presented as means + SD. J, K RT-qPCR assessment (J) and western blotting analysis (K) of ALDH1B1 expression in the LO2 and AML12 cell
Enes overexpressing NR5A2 isoform1. LO2: N = 6/group, AML12: N = 3/group, **P < 0.01, ****P < 0.0001. Data are presented as means * SD.

METHODS

Human liver sample

All samples used in this study were obtained from the NAFLD Research
Center, Department of Liver Medicine, the First Affiliated Hospital of
Wenzhou Medical University. Detailed information can be found in Table S1.

Mouse model
Mice were housed and bred in a temperature-controlled and specific
pathogen-free facility with 12-h light/dark cycles and received food and
water ad libitum.

a) BKS-db mice: BKS-db mice with a BKS genetic background were
procured from GemPharmatech Co., Ltd. and maintained on a standard
diet. Liver samples were collected at 16 weeks of age (6 mice/group).

b) The high-fat diet (HFD) and CCL4-induced NASH mice model [57]:
C57BL/6J mice were divided into three groups (8 mice/group). The Chow
group was fed a regular diet throughout their entire lifespan. Mice in HFD
group were subjected to a high-fat diet (Research Diet, D12492) for a
continuous 14-week period, starting from the age of 8 weeks. This group
received weekly intraperitoneal injections of 200 uL corn oil (Shanghai
Aladdin Biochemical, C116025). The HFD+CCI4 group received a
combination of HFD and weekly infusion of carbon tetrachloride (CCl4)
(Chemical Reagent, GB/T688-2011 from Tianli). The CCl4 was dissolved in
200 pL corn oil at an injection concentration of 0.4 ug/g of mouse body
weight.

) Nr5a2™° mice model: Loxp-labled Nr5a2 mice (Nr5a211%) and
albumin-Cre transgenic mice were obtained from the Shanghai Model
Organisms Center, Inc. Hepatocyte-specific knockout mice of Nr5a2
(Nr5a2"%®) were achieved by crossbreeding Nr5a2fo/fox mice with
albumin-Cre transgenic mice. We established four mice models based
on their age: 5-week-old mice (3 mice/group), 8-week-old mice (3 mice/
group), 12-week-old mice (6 mice/group), and 32-week-old mice (6 mice/
group). Male Nr5a2"° and their littermate control, Nr5a2/1x mice,
were fed a standard diet. Glucose tolerance tests (GTT) were conducted on
the 12 and 32-week-old mouse models following a 16-h fasting period,
while insulin tolerance tests (ITT) were performed after a 4-h fasting
period prior to anatomical sampling two weeks. The respiratory exchange
ratio, activity, and heat production of Nr5a2"*® and Nr5a2"/°% mice at
the age of 12 weeks or 32 weeks were monitored using TSE PhenoMaster
animal monitoring system. Mice were anesthetized after a 12-h fasting at
the ages of 5, 8, 12, and 32 weeks for liver and adipose tissues weighing
followed by rapid freezing in liquid nitrogen. Serum triglyceride,
cholesterol, ALT, AST, HDL-C and LDL-C were measured at the Forth Xi'an
People’s Hospital.

Cell culture

LO2, AML12 and HEK293T cell lines were cultured in the high glucose-
Dulbecco’s modified Eagle’s medium (Sigma, D5796) supplemented with
10% fetal bovine serum (Every Green, 11011-8611) and 1%
penicillin-streptomycin—gentamicin Solution (Solarbio, P1410) at 37 °C in
a humidified atmosphere containing 5% CO,. Selection of overexpression
cell lines or knockdown cell lines was performed using either 1 ug/mL
puromycin (Shyuanye, R23002) or 800 ug/mL neomycin (Shyuanye,
B65949). Subsequently, half of the screen concentration of antibiotics
was used to maintain the gene-edited cells. LO2 cells were stimulated with
cholesterol (Sigma-Aldrich, L4646) at a concentration of 80 ug/mL while
AML12 cells were subjected to a fourfold higher concentration. Inhibitors
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of BAY11-7082 (MCE, HY-13453) and MCC950 (MCE, HY-12815) were used
in a gradient concentration to evaluate the pyroptosis pathway.

DNA identification of mouse tail and liver tissue

The DNA from mouse tail and liver tissues were extracted using TIANamp
Genomic DNA Kit (TITANGEN, DP304). Polymerase chain reaction (PCR) was
performed to amplify the target region between forward and reverse
primers relying on 2xTag PCR MasterMix Il (TIANGEN, KT211). Subse-
quently, the PCR product was subjected to agarose gel electrophoresis
(Biowest, G10) with GoldView (ZHHC, NEOO6) staining and visualized under
ultraviolet light. The primers are listed in Table S2.

CRISPR-Cas9

The knockout of NR5A2 in the cell was achieved by transfecting lentiCRISPR-v2
vector containing dual guide RNA (dgRNA). The constructed plasmid was
transfected into cell lines using SuperKine™ Lipo3.0 Efficient Transfection
Reagent (Abbkine, BMU111-CN), and positive clones were selected using
puromycin (Shyuanye, R23002). The guide RNAs are listed in Table S3.

Lentivirus packaging

The rescue of NR5A2 and ALDH1B1 in the cell lines was achieved using a
lentivirus system. During the lentivirus packaging process, HEK293T cells were
utilized as a tool and transfected with lentiviral helper plasmids psPAX2 and
pMD2.G, along with the expression pCDH vector carrying the target genes.
After 72 h, the polybrene (Shyuanye, R32418) was added the supernatant at a
concentration of 1pL/mL to enhance lentivirus infection efficiency. The
PCDH_EF1a-IRES-puro_BsrG1 vector was used to overexpress genes in the
normal cell lines. In order to avoid interference from puromycin antibiotic
present in lentiCRISPR-v2 vector, we selected the pCDH vector with neomycin-
resistant characteristics (pCDH-CMV-MCS-EF1-Neo) in the rescue experiment.
Transfection of HEK293T cells was performed using Lipo293F™ transfect
reagent (Beyotime, C0518). The G418 (Shyuanye, B65949) was purchased for
neomycin selection. The primers for clone are listed in Table S4 and the
recombinant DNA are listed in Table S5.

Dual luciferase reporter

The sequences ranging from -2000 bp to +100bp of human and mouse
ALDH1B1 promoter were respectively inserted into the pGL4.35 [luc2P-
9XGAL4UAS-Hygro] vector. Lentiviral expression vectors pCDH_EF1a-IRES-
puro_BsrG1 were used for cloning the coding sequences of human and
mouse NR5A2, resulting in two overexpressed NR5A2 vectors. The renilla
luciferase-containing pRL-TK vector served as a control for transfection
efficiency. Equal amounts of luciferase-containing vectors were co-
transfected with either the empty pCDH vector or the pCDH vector carrying
the NR5A2 insertion into 293T cells. Luciferase activity was measured using
Thermo Scientific™ Nunc™ F96 MicroWell™ (136101) plates according to the
instructions of Dual-Luciferase Report kit (Promega, E1910).

Western blotting

Proteins were extracted from cells or animal tissues using RIPA lysis buffer
(ZHHC, PLO01), supplemented with protease inhibitor cocktail (MCE, HY-K0010)
and phenylmethylsulfonyl fluoride benzylsulfonyl fluoride (PMSF) (ZHHC,
PLO12) under ice bath conditions. Subsequently, the proteins (30 pg/sample)
were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis and transferred to polyvinylidene fluoride membranes
(Millipore, IPYH00010, 0.45 pum). The primary antibody (1:1000) was incubated
overnight at 4°C followed by incubation with the secondary antibody (1:2500)
at room temperature for 1.5 h. The antibodies are listed in the Table S5. Finally,
enhanced chemiluminescence (ECL) was performed using Omni-ECL™ Femto

Light Chemiluminescence Kit (Epizyme, SQ201).
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Quantitative RT-PCR (RT-qPCR)

Total RNA was extracted from cells and tissues using TRIGene Reagent
(GenStar, P118) according to the manufacturer’s instructions. Subsequently,
cDNA synthesis was performed using a RevertAid Master Mix, with DNase | kit
(Thermo Fisher Scientific, M16325). For quantitative real-time PCR analysis,

2xRealStar Fast SYBR qPCR Mix (GenStar, A301) was employed under the
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Fig. 7 ALDH1B1 can ameliorate the activation of pyroptosis, and NR5A2 different isoforms exhibit a similar function. A, B Western
blotting analysis was performed to detect the expression of ALDH1B1 in the livers of NASH patients and control group (A), followed by
statistical analysis (B). N =6/group, data are presented as means + SD. C The mRNA level of ALDH1B1 was measured in the livers of NASH
patients and control group. N = 6/group, data are presented as means + SD. D Immunohistochemistry staining was conducted to examine the
expression of Aldh1b1 in the liver paraffin sections of BKS-db mice and BKS-NC mice. E, F The protein expression of pyroptosis molecules were
assessed after overexpressing ALDH1B1 in the NR5A2"%397°%* | 02 cell line (E) and AML12-Nr5a25"3%” cell line (F). G, H The western blotting
analysis was performed to evaluate the expression levels of ALDH1B1 and pyroptosis molecules after replenishment with different isoforms of
NR5A2 in the LO2-NR5A2'"397<* cell line (G) and AML12-Nr5a2°™3%7 cell line (H). I, J RT-qPCR was conducted to measure TGF-8 mRNA
expression in the LO2 cell line (I) and AML12 cell line (J), following haploid knockout or replenishment of NR5A2 with different isoforms. LO2:
ﬁ: 4/group, AML12: N = 3/group, ns not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as means + SD.

three-step PCR amplification procedure. The data was analyzed using the 2
2ACT method. The primers for RT-qPCR are listed in Table S6.

Hematoxylin-eosin staining (HE stain) and Sirius staining
Liver tissues were fixed in 4% paraformaldehyde for 48 h, followed by
embedding in paraffin and sectioning into 4-um thick slices. After
deparaffinization, the paraffin sections were stained with hematoxylin
and eosin, or Sirius red. Subsequently, the liver sections underwent
dehydration using a gradient alcohol and xylene. Following sealing with
neutral balsam, the morphology of liver sections was assessed and
documented under an optical microscope.

Immunohistochemical staining

The paraffin sections were subjected to citrate antigen retrieval and
antigen blocking after deparaffinization. Primary antibodies were incu-
bated overnight at 4 °C, followed by incubation with second antibodies at
37°C for 1 h. The experimental procedures adhered to the manufacturer’s
instructions of the Streptavidin Rabbit & Mouse HRP Kit (DAB) (Cwbio,
CW2069). Antibodies used in immunohistochemical staining included
NR5A2 (Everest, EB12283, 1:100), ALDH1B1 (Santa Cruz Biotechnology, SC-
393583, 1:100), Caspase-1 (Proteintech, 22915-1-AP, 1:100) and cleaved-IL-
1B (Affinity, AF4006, 1:100).

Oil red O staining

The liver tissues in 4% paraformaldehyde solution were dehydrated
using 20% sucrose and embedded in Neg-50 Frozen Section Medium
(Thermo Fisher Scientific, 6502B). After thawing out from —20°C, the
liver frozen sections were allowed to equilibrate at room temperature
for 10 min and then fixed with 4% paraformaldehyde for 15 min.
Following a brief immersion in a solution of 60% isopropyl alcohol, the
sections were stained with the oil red O staining solution for 10 min. A
subsequent differentiation step using a solution of 60% isopropyl
alcohol was performed to enhance interstitial clarity. Finally, hematox-
ylin was applied to label the nucleus.

Immunofluorescence

The cells were fixed in 4% paraformaldehyde for 20 min and subsequently
incubated in 0.1% triton for 10 min. Primary antibodies ALDH1B1 (Santa Cruz
Biotechnology, SC-393583; 1:100) and Phospho-NF-kB p65 (Ser536) (Cell
Signaling Technology, 93H1, #3033, 1:500) were co-incubated overnight at
4°C. Coralite488-conjugated Goat Anti-Mouse IgG(H +L) (Proteintech,
SA00013-1, 1:100) and CoralLite594 — conjugated Goat Anti-Rabbit IgG(H + L)
(Proteintech, SA00013-4, 1:100) were chosen as the second antibody.
Antifade mounting medium (Coolaber, SL1841) containing DAPI was used
to stain the nucleus and seal the slide. Confocal laser scanning microscope
(Olympus FV3000) was employed for observation and data collection.

Lactic dehydrogenase (LDH) release

The measurement of Lactic dehydrogenase (LDH) release was conducted
using the LDH assay kit (Beyotime, C0016). Calculatoring formula: LDH
release (%)=(treatment group-blank background)/(control group-blank
background)*100.

Transmission electron microscope (TEM)

The cells were centrifuged into a cell cluster and fixed in 2.5%
glutaraldehyde fixative. The subsequent process was conducted as
previously described [58]. Transmission electron microscopy (HITACHI, H-
7650) was used to observe the morphology associated with cell death.
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Enzyme-linked immunosorbent assay (ELISA)
The ELISA was performed according to the instructions provided by the
Human IL-1 beta ELISA Kit (Proteintech, KE00021).

ROS measurement

The measurement of total reactive oxygen species (ROS) in cells was
conducted using the DCFH-DA assay kit (Beyotime, S0033S). On account of
the similar fluorescence spectra between DCF and FITC, the parameter
settings for FITC were employed to detect DCF on the flow cytometer.

MDA measurement
The MDA was detected according with the manufacturer’s instruction of an
MDA detection kit (Beyotime, S0131).

Quantification and statistical analysis
The Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines
were followed to instruct sample size design and to formulate inclusion and
exclusion criteria. Group allocation was based on mouse genotype or human
liver phenotype. Experimental operators were blinded when assessing the
outcomes.

Statistical analysis was conducted using two-tailed unpaired Student’s t test
and one- or two-way ANOVA in Prism 9 (GraphPad). The data were presented as
mean + SD. *P < 0.05, ¥**P < 001, ***P < 0.001, ****P < 0.0001, ns, not significant.

DATA AVAILABILITY

All gene information used in this study can be accessed from the Gene datasets in
the National Center for Biotechnology Information (NCBI) database (https://
www.ncbi.nlm.nih.gov/gene). The datasets generated and analysed during the
current study are available from the corresponding author on reasonable request.

REFERENCES

1. Riazi K, Azhari H, Charette JH, Underwood FE, King JA, Afshar EE, et al. The
prevalence and incidence of NAFLD worldwide: a systematic review and meta-
analysis. Lancet Gastroenterol Hepatol. 2022;7:851-61.

2. Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L. The global
epidemiology of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH): a systematic review. Hepatology. 2023;77:1335-47.

3. Labelle-Dumais C, Jacob-Wagner M, Paré JF, Bélanger L, Dufort D. Nuclear
receptor NR5A2 is required for proper primitive streak morphogenesis. Dev Dyn.
2006;235:3359-69.

4. Gassler J, Kobayashi W, Gaspar |, Ruangroengkulrith S, Mohanan A, Gémez Her-
nandez L, et al. Zygotic genome activation by the totipotency pioneer factor
Nr5a2. Science. 2022;378:1305-15.

5. Zapata RC, Zhang D, Libster A, Porcu A, Montilla-Perez P, Nur A, et al. Nuclear
receptor 5A2 regulation of Agrp underlies olanzapine-induced hyperphagia. Mol
Psychiatry. 2023;28:1857-67.

6. Meinsohn MC, Smith OE, Bertolin K, Murphy BD. The orphan nuclear receptors
steroidogenic factor-1 and liver receptor homolog-1: structure, regulation, and
essential roles in mammalian reproduction. Physiol Rev. 2019;99:1249-79.

7. Clyne CD, Speed CJ, Zhou J, Simpson ER. Liver receptor homologue-1 (LRH-1) reg-
ulates expression of aromatase in preadipocytes. J Biol Chem. 2002;277:20591-7.

8. Ma B, Qiao H, Guo Y, Wei J, Yang Q, Feng X, et al. TGF-B1 induced activations of
Smad2 and miRNAs inhibit SF-1- and LRH-1-dependent CYP19 expression in rat
Leydig cells. Biol Reprod. 2023;108:778-90.

9. Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, et al. A reg-
ulatory cascade of the nuclear receptors FXR, SHP-1, and LRH-1 represses bile
acid biosynthesis. Mol Cell. 2000;6:517-26.

SPRINGER NATURE

13


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

R. Zhao et al.

14

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Meng L, Yu H, Ni F, Niu J, Liu X, Wang X. Roles of two cyp11 genes in sex hormone

biosynthesis in Japanese flounder (Paralichthys olivaceus). Mol Reprod Dev.
2020;87:53-65.

. del Castillo-Olivares A, Campos JA, Pandak WM, Gil G. The role of alphal-

fetoprotein transcription factor/LRH-1 in bile acid biosynthesis: a known nuclear
receptor activator that can act as a suppressor of bile acid biosynthesis. J Biol
Chem. 2004;279:16813-21.

. Luo Y, Liang CP, Tall AR. The orphan nuclear receptor LRH-1 potentiates the

sterol-mediated induction of the human CETP gene by liver X receptor. J Biol
Chem. 2001,276:24767-73.

. Malered L, Sporstel M, Juvet LK, Mousavi SA, Gjeen T, Berg T, et al. Bile acids

reduce SR-BI expression in hepatocytes by a pathway involving FXR/RXR, SHP,
and LRH-1. Biochem Biophys Res Commun. 2005;336:1096-105.

. Ghosh S, Devereaux MW, Anderson AL, Gehrke S, Reisz JA, D'Alessandro A, et al.

NF-kB regulation of LRH-1 and ABCG5/8 potentiates phytosterol role in the
pathogenesis of parenteral nutrition-associated cholestasis. Hepatology.
2021;74:3284-300.

. Miranda DA, Krause WC, Cazenave-Gassiot A, Suzawa M, Escusa H, Foo JC,

et al. LRH-1 regulates hepatic lipid homeostasis and maintains arachidonoyl
phospholipid pools critical for phospholipid diversity. JCI Insight.
2018;3:e96151.

. Stein S, Lemos V, Xu P, Demagny H, Wang X, Ryu D, et al. Impaired SUMOylation

of nuclear receptor LRH-1 promotes nonalcoholic fatty liver disease. J Clin
Investig. 2017;127:583-92.

. Meinsohn MC, Morin F, Bertolin K, Duggavathi R, Schoonjans K, Murphy BD. The

orphan nuclear receptor liver homolog receptor-1 (Nr5a2) regulates ovarian
granulosa cell proliferation. J Endocr Soc. 2018;2:24-41.

. Topham JT, Tsang ES, Karasinska JM, Metcalfe A, Ali H, Kalloger SE, et al. Inte-

grative analysis of KRAS wildtype metastatic pancreatic ductal adenocarcinoma
reveals mutation and expression-based similarities to cholangiocarcinoma. Nat
Commun. 2022;13:5941.

. Guo F, Zhou Y, Guo H, Ren D, Jin X, Wu H. NR5A2 transcriptional activation by

BRD4 promotes pancreatic cancer progression by upregulating GDF15. Cell
Death Discov. 2021;7:78.

Wang S, Lan F, Huang L, Dong L, Zhu Z, Li Z, et al. Suppression of hLRH-1
mediated by a DNA vector-based RNA interference results in cell cycle arrest and
induction of apoptosis in hepatocellular carcinoma cell BEL-7402. Biochem Bio-
phys Res Commun. 2005;333:917-24.

Bayrer JR, Mukkamala S, Sablin EP, Webb P, Fletterick RJ. Silencing LRH-1 in colon
cancer cell lines impairs proliferation and alters gene expression programs. Proc
Natl Acad Sci USA. 2015;112:2467-72.

Gaul S, Leszczynska A, Alegre F, Kaufmann B, Johnson CD, Adams LA, et al.
Hepatocyte pyroptosis and release of inflammasome particles induce stellate cell
activation and liver fibrosis. J Hepatol. 2021;74:156-67.

Beier JI, Banales JM. Pyroptosis: an inflammatory link between NAFLD and NASH
with potential therapeutic implications. J Hepatol. 2018;68:643-5.

Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated programmed necrotic cell
death. Trends Biochem Sci. 2017;42:245-54.

Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature. 2015;526:660-5.
Bordon Y. Cell death and immunity: gasdermins: the hole picture emerges. Nat
Rev Immunol. 2016;16:401.

Broz P, Pelegrin P, Shao F. The gasdermins, a protein family executing cell death
and inflammation. Nat Rev Immunol. 2020;20:143-57.

Liu C, Yao K, Tian Q, Guo Y, Wang G, He P, et al. CXCR4-BTK axis mediate pyroptosis
and lipid peroxidation in early brain injury after subarachnoid hemorrhage via NLRP3
inflammasome and NF-kB pathway. Redox Biol. 2023;68:102960.

LiuZ, Gan L, Xu Y, Luo D, Ren Q, Wu S, et al. Melatonin alleviates inflammasome-
induced pyroptosis through inhibiting NF-kB/GSDMD signal in mice adipose
tissue. J Pineal Res. 2017;63:e12414.

Lambrecht R, Delgado ME, Gloe V, Schuetz K, Plazzo AP, Franke B, et al. Liver
receptor homolog-1 (NR5A2) orchestrates hepatic inflammation and TNF-
induced cell death. Cell Rep. 2023;42:113513.

Stagos D, Chen Y, Brocker C, Donald E, Jackson BC, Orlicky DJ, et al. Aldehyde
dehydrogenase 1B1: molecular cloning and characterization of a novel mito-
chondrial  acetaldehyde-metabolizing enzyme. Drug Metab  Dispos.
2010;38:1679-87.

Chen X, Huang J, Yu C, Liu J, Gao W, Li J, et al. A noncanonical function of EIF4E
limits ALDH1B1 activity and increases susceptibility to ferroptosis. Nat Commun.
2022;13:6318.

Kim CH, Leitch HA. Iron overload-induced oxidative stress in myelodysplastic
syndromes and its cellular sequelae. Crit Rev Oncol Hematol. 2021;163:103367.
Kwon EB, Li W, Kim YS, Kim B, Chung HS, Go Y, et al. Vitisin B inhibits influenza A
virus replication by multi-targeting neuraminidase and virus-induced oxidative
stress. Acta Pharm Sin B. 2023;13:174-91.

SPRINGER NATURE

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Basiorka AA, McGraw KL, Eksioglu EA, Chen X, Johnson J, Zhang L, et al. The
NLRP3 inflammasome functions as a driver of the myelodysplastic syndrome
phenotype. Blood. 2016;128:2960-75.

Ryder E, Pedreafiez A, Vargas R, Pefa C, Fernandez E, Diez-Ewald M, et al.
Increased proinflammatory markers and lipoperoxidation in obese individuals:
inicial inflammatory events? Diabetes Metab Syndr. 2015;9:280-6.

Hsu CG, Chavez CL, Zhang C, Sowden M, Yan C, Berk BC. The lipid peroxidation
product 4-hydroxynonenal inhibits NLRP3 inflammasome activation and mac-
rophage pyroptosis. Cell Death Differ. 2022;29:1790-803.

Kang R, Zeng L, Zhu S, Xie Y, Liu J, Wen Q, et al. Lipid peroxidation drives
gasdermin D-mediated pyroptosis in lethal polymicrobial sepsis. Cell Host
Microbe. 2018;24:97-108.e4.

Yu X, Zeng X, Xiao F, Chen R, Sinharoy P, Gross ER. E-cigarette aerosol exacerbates
cardiovascular oxidative stress in mice with an inactive aldehyde dehydrogenase
2 enzyme. Redox Biol. 2022;54:102369.

Michalek S, Goj T, Plazzo AP, Marovca B, Bornhauser B, Brunner T. LRH-1/NR5A2
interacts with the glucocorticoid receptor to regulate glucocorticoid resistance.
EMBO Rep. 2022;23:54195.

Guo J, Miao G, Zhang W, Shi H, Lai P, Xu Y, et al. Depletion of ApoA5 aggravates
spontaneous and diet-induced nonalcoholic fatty liver disease by reducing
hepatic NR1D1 in hamsters. Theranostics. 2024;14:2036-57.

Jackson BC, Reigan P, Miller B, Thompson DC, Vasiliou V. Human ALDH1B1
polymorphisms may affect the metabolism of acetaldehyde and all-trans reti-
naldehyde-in vitro studies and computational modeling. Pharm Res.
2015;32:1648-62.

Wenzel P, Miller J, Zurmeyer S, Schuhmacher S, Schulz E, Oelze M, et al. ALDH-2
deficiency increases cardiovascular oxidative stress-evidence for indirect anti-
oxidative properties. Biochem Biophys Res Commun. 2008;367:137-43.

Lee JS, Bae S, Kang HS, Im SS, Moon YA. Liver receptor homolog-1 regulates
mouse  superoxide dismutase 2. Biochem Biophys Res Commun.
2017;489:299-304.

Li K, Deng Y, Deng G, Chen P, Wang Y, Wu H, et al. High cholesterol induces
apoptosis and autophagy through the ROS-activated AKT/FOXO1 pathway in
tendon-derived stem cells. Stem Cell Res Ther. 2020;11:131.

Chong HK, Biesinger J, Seo YK, Xie X, Osborne TF. Genome-wide analysis of
hepatic LRH-1 reveals a promoter binding preference and suggests a role in
regulating genes of lipid metabolism in concert with FXR. BMC Genomics.
2012;13:51.

Li M, Xie YH, Kong YY, Wu X, Zhu L, Wang Y. Cloning and characterization of a
novel human hepatocyte transcription factor, hB1F, which binds and activates
enhancer Il of hepatitis B virus. J Biol Chem. 1998;273:29022-31.
Pérez-Benavente B, Fathinajafabadi A, de la Fuente L, Gandia C, Martinez-Férriz A,
Pardo-Sénchez JM, et al. New roles for AP-1/JUNB in cell cycle control and
tumorigenic cell invasion via regulation of cyclin E1 and TGF-B2. Genome Biol.
2022;23:252.

Cobo |, Martinelli P, Flandez M, Bakiri L, Zhang M, Carrillo-de-Santa-Pau E, et al.
Transcriptional regulation by NR5A2 links differentiation and inflammation in the
pancreas. Nature. 2018;554:533-7.

Lee YS, Li P, Huh JY, Hwang IJ, Lu M, Kim JI, et al. Inflammation is necessary for
long-term but not short-term high-fat diet-induced insulin resistance. Diabetes.
2011,60:2474-83.

Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease:
the multiple parallel hits hypothesis. Hepatology. 2010;52:1836-46.
Armendariz-Borunda J, Simkevich CP, Roy N, Raghow R, Kang AH, Seyer JM.
Activation of Ito cells involves regulation of AP-1 binding proteins and induction
of type | collagen gene expression. Biochem J. 1994;304:817-24.
Cobo-Vuilleumier N, Lorenzo PI, Rodriguez NG, Herrera Gomez IG, Fuente-Martin
E, Lépez-Noriega L, et al. LRH-1 agonism favours an immune-islet dialogue which
protects against diabetes mellitus. Nat Commun. 2018;9:1488.

Wang S, Zou Z, Luo X, Mi Y, Chang H, Xing D. LRH1 enhances cell resistance to
chemotherapy by transcriptionally activating MDC1 expression and attenuating
DNA damage in human breast cancer. Oncogene. 2018;37:3243-59.

Joo MS, Koo JH, Kim TH, Kim YS, Kim SG. LRH1-driven transcription factor circuitry
for hepatocyte identity: Super-enhancer cistromic analysis. EBioMedicine.
2019;40:488-503.

Michalek S, Brunner T. Nuclear-mitochondrial crosstalk: On the role of the nuclear
receptor liver receptor homolog-1 (NR5A2) in the regulation of mitochondrial
metabolism, cell survival, and cancer. IUBMB Life. 2021,;73:592-610.

Riaz F, Chen Q, Lu K, Osoro EK, Wu L, Feng L, et al. Inhibition of miR-188-5p
alleviates hepatic fibrosis by significantly reducing the activation and prolifera-
tion of HSCs through PTEN/PI3K/AKT pathway. J Cell Mol Med. 2021;25:4073-87.
Liu J, Jia S, Yang Y, Piao L, Wang Z, Jin Z, et al. Exercise induced meteorin-like
protects chondrocytes against inflammation and pyroptosis in osteoarthritis by
inhibiting PI3K/Akt/NF-kB and NLRP3/caspase-1/GSDMD signaling. Biomed
Pharmacother. 2023;158:114118.

Cell Death and Disease (2024)15:770



ACKNOWLEDGEMENTS

The plasmids are gifts from Professor Lianying Jiao. The LO2 cell is a gift from
Professor Yilei Zhang. The project was supported by: the National Natural Science
Foundation of China (No. 82070892) and the science and technology plan project of
Shaanxi Province—the Science and Technology Resources Open Sharing Platform
Project of Shaanxi Province (No. 2021PT-049).

AUTHOR CONTRIBUTIONS

Rong Zhao participated in the study design, conducted experiments and wrote the
manuscript. Zizhen Guo performed part of experiments, data analysis and revised the
manuscript. Rong Zhao and Yimeng Zhou contributed to data analysis. Luyun Yang,
Xiaona Cheng, Litao Wu, Kexin Cheng, Lina Feng, Sitong Liu, Xiaodan Wu actively
participated in animal experiments. Farooq Riaz and Minghua Zheng provided valuable
animal and human samples for this research. Kaikai Lu and Qian Chen made the revisions
to figures and tables. Chunyan Yin revised the manuscript. Dongmin Li designed the
study, meticulously revised the manuscript, and supervised the entire study.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS

All of animal protocols were reviewed and approved by the Animal Care Ethics
Committees of Xi'an Jiaotong University (2022-1275). The informed consent was
obtained from all patients prior to human liver sample collection. This study was
conducted with approval from the ethics committee of the First Affiliated Hospital of
Wenzhou Medical University (2016-246). All the research complied with the ethical
guidelines of the Declarations of Helsinki.

Cell Death and Disease (2024)15:770

R. Zhao et al.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-024-07151-1.

Correspondence and requests for materials should be addressed to Dongmin Li.

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

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium 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

SPRINGER NATURE

15


https://doi.org/10.1038/s41419-024-07151-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Hepatocyte-specific NR5A2 deficiency induces pyroptosis and exacerbates non-alcoholic steatohepatitis by downregulating ALDH1B1 expression
	Introduction
	Results
	NR5A2 was downregulated in the liver of NASH patients and animal model
	The emergence of spontaneous inflammation predated the formation of lipid droplets in the livers of hepatocyte-specific Nr5a2 knockout mice
	Pyroptosis was observed in the NR5A2-deficient cell lines and in hepatocyte-specific Nr5a2 knockout mice
	Pyroptosis in NR5A2-knockout cell lines can be attributed to ROS-induced activation of NF-&#x003BA;B pathway
	Downregulation of ALDH1B1 in Nr5a2HKO mice exacerbates ROS level and activates the NF-&#x003BA;B pathway
	NR5A2 transcriptionally upregulates ALDH1B1 expression by directly binding to its promoter region in both mouse and human
	ALDH1B1 attenuated the pyroptosis in NR5A2-deficient cell lines, and diverse isoforms of NR5A2 demonstrated a comparable effect

	Discussion
	Methods
	Human liver sample
	Mouse model
	Cell culture
	DNA identification of mouse tail and liver tissue
	CRISPR-Cas9
	Lentivirus packaging
	Dual luciferase reporter
	Western blotting
	Quantitative RT-PCR (RT-qPCR)
	Hematoxylin-eosin staining (HE stain) and Sirius staining
	Immunohistochemical staining
	Oil red O staining
	Immunofluorescence
	Lactic dehydrogenase (LDH) release
	Transmission electron microscope (TEM)
	Enzyme-linked immunosorbent assay (ELISA)
	ROS measurement
	MDA measurement
	Quantification and statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	ADDITIONAL INFORMATION




