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∙ MAFLD is associated with increased hepatocytes NRF2 expression.
∙ NRF2 alleviates MAFLD by suppressing pyroptosis.
∙ NRF2 directly inhibits GSDMD expression to regulate pyroptosis.
∙ Targeting the NRF2–pyroptosis (GSDMD) axis offers a potential therapeutic
strategy for MAFLD.
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Abstract
Background: The epidemic of metabolic dysfunction-associated fatty liver
disease linked to excessive high-fat diet (HFD) consumption has sparked
widespread public concern. Nuclear factor erythroid 2-related factor 2 (NRF2)
has been reported to improve glucose/lipid metabolism, liver lipid degener-
ation and alleviate HFD-induced inflammation. However, its pathways and
mechanisms of action are not fully understood.
Methods: To confirm the effect of NRF2 on glucose/lipid metabolism in the
liver, Nrf2-/- mice as well as liver-specific Nrf2 knockout mice, and AAV-TBG-
Nrf2 were employed. The hyperinsulinemic-euglycemic clamp was utilized to
determine the effect of NRF2 on glucose metabolism. To elucidate the effect
of NRF2 on pyroptosis, we performed western blots, immunofluorescence,
quantitative real-time PCR, and Flow cytometry experiments. Finally, chro-
matin immunoprecipitation-seq and dual-luciferase reporter assay was used to
underscore the transcriptional regulatory effect of NRF2 on Gsdmd.
Results: We found that overexpression of Nrf2 inhibited the expression of
inflammatory cytokines and pyroptosis markers, including cle-Caspase1, NLRP3
and the N-terminus of gasdermin D (N-GSDMD) both in vivo and in vitro,
while Nrf2 deficiency was the opposite. Specifically, with NRF2 expression
up-regulated, GSDMD expression decreased and Gsdmd overexpression par-
tially reversed the effect of Nrf2 overexpression on pro-inflammatory phenotype.
Mechanistically, we demonstrate that NRF2 binds to the Gsdmd promoter at the
−2110 - 1130 bp site, inhibiting the GSDMD expression and thereby improving
glucose/lipid metabolism and liver steatosis.
Conclusion: Our data indicate that NRF2 is an effective inhibitor of pyropto-
sis and has a multi-target effect in the treatment of obesity-related metabolic
diseases.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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Key points
∙ MAFLD is associated with increased hepatocytes NRF2 expression.
∙ NRF2 alleviates MAFLD by suppressing pyroptosis.
∙ NRF2 directly inhibits GSDMD expression to regulate pyroptosis.
∙ Targeting the NRF2–pyroptosis (GSDMD) axis offers a potential therapeutic
strategy for MAFLD.

1 INTRODUCTION

The escalating incidence of metabolic dysfunction-
associated fatty liver disease (MAFLD), associated with
elevated energy intake and reduced physical activity, has
raised significant public health concerns. The patho-
genesis of MAFLD is multifactorial, involving insulin
resistance (IR), oxidative stress and inflammation,1 lead-
ing to increased hepatocellular death. While apoptosis
and necrosis were traditionally emphasised in MAFLD,
recently research highlights the role of other programmed
cell death, such as necroptosis and pyroptosis.2 In pyrop-
tosis pathways, the Nod-like receptor (NLR) Pyrin domain
3 (NLRP3) initiate the activation of caspases-1, which
leaves gasdermin D (GSDMD) to produce gasdermin-N
domain (N-GSDMD) and also processes pro-IL1β and
IL18 into their active forms.3 GSDMD is a key executor
of pyroptosis, upon cleavage, the N-GSDMD triggers
the form of pores in the cell membrane, facilitating the
release of IL1β and IL18, which amplify inflammatory
responses.4,5 While pyroptosis aids in clearing pathogens,
excessive pyroptosis can cause tissue damage and organ
failure.6,7 Recent studies have linked pyroptosis to the
progression of MAFLD, associating excessive lipid deposi-
tion with increased inflammation and fibrosis. Inhibiting
pyroptosis in hepatocytes has been shown to mitigate liver
damage, highlighting pyroptosis as a potential therapeutic
target for MAFLD.4,8 A thorough understanding of related
mechanisms is crucial for developing effective treatments.
Nuclear factor erythroid 2-related factor 2 (NRF2) has

emerged as a critical regulator in the pathophysiology
of MAFLD due to its pivotal role in defensing against
oxidative stress and inflammation.9–11 Recent studies have
begun to elucidate the interplay between NRF2 and pyrop-
tosis in various tissues. Evidence suggest that NRF2
inhibits pyroptosis in microglia and cardiomyocytes,12,13
suggesting thatNRF2mayplay a broader role in preventing
pyroptosis. Since reactive oxygen species critically trigger
the activity of NLRP3 and stabilise N-GSDMD-mediated
pore formation,14 the anti-oxidative response mediated by

NRF2 is believed to underlie its inhibitory effect on pyrop-
tosis. However, the exact role and molecular mechanism
of NRF2 in high-fat diet (HFD)-induced hepatic pyroptosis
remain unknown.
Herein, we identified that NRF2 suppresses hepatocyte

pyroptosis in the liver, resulting alleviated liver inflamma-
tion caused by a HFD. The down-regulation of GSDMD
expression by NRF2 is involved in its positive role against
MAFLD.We found that NRF2 directly suppresses GSDMD
transcription expression through chromatin immunopre-
cipitation (ChIP) and dual-luciferase reporter assay. Our
results provide a more comprehensive view of the mecha-
nisms regarding the regulatory role of NRF2 in pyroptosis
and underscore its significance in MAFLD.

2 MATERIALS ANDMETHODS

2.1 Human samples

Liver tissues were collected through hepatectomy from
patients with liver tumours at the outpatient clinic of the
Second Affiliated Hospital of Chongqing Medical Uni-
versity. Non-tumourous liver regions were isolated and
classified as eitherMAFLD (n= 4) or control (n= 4) based
on histological examination. Individuals diagnosed with
viral hepatitis, diabetes or other communicable diseases
were excluded. Informed consent was obtained from all
subjects, and the study was ethically approved (2021-156)
by The Second Affiliated Hospital of Chongqing Medical
University.

2.2 Animals

Five-week-old male C57BL/6J mice (WT mice) were
purchased from Gempharmatech Co (Nanjing, China)
and adapted for 3 weeks before starting HFD-feeding
to establish the model. db/db mice were acquired from
Cyagen (Suzhou, China). Nrf2−/− mice were generously
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provided by Dr Ni Tang (Chongqing Medical University)
and thesemicewere generated and identified as previously
reported.15 Nrf2fl/fl mice were purchased from Cyagen
(Suzhou, China). All mice were housed at Chongqing
Medical University’s animal centre under a 12-h light/dark
cycle at 22± 2◦C. Eight-week-old mice were fed ad libitum
to either a normal chow diet (ND) (4% calories from fat;
Keao Xieli Feed Co., Ltd., China) or a HFD (60% calories
from fat; Research Diets, USA) as indicated.
To establish liver-specific Nrf2 knockout (Nrf2LKO)

mice, 8-week-old male Nrf2fl/fl mice received an adeno-
associated virus with thyroxine-binding globulin (TBG)
expressing Cre/Null (AAV8–TBG–Cre/Null, 5 × 1011
vg/mouse) injection via tail vein. After recovery for 2
weeks, the mice were given a methionine/choline defi-
ciency (MCD) diet (A02082002BR; Research Diets) for
4 weeks. For mice liver-specific Nrf2 overexpression, 8-
week-oldmale C57BL/6Jmice received a tail vein injection
of adeno-associated virus with TBG expressing Nrf2 or
GFP (AAV8–TBG–Nrf2/GFP, 8 × 1011 vg/mouse), followed
by HFD feeding for 12 weeks. For Gsdmd knockdown
in Nrf2−/− mice, 8-week-old Nrf2−/− mice were tail vein
injected with lentivirus expressing shGsdmd or control
(Lv-shGsdmd/Con, 5 × 107 TU/mouse) and fed a HFD for
8 weeks. The sequence of shRNA targeting Gsdmd was
5′-GCAGCATGAAAGGCACCTTCA-3′. The efficiency of
the knockdown was assessed by WB and PCR. All animal
studies received approval from the Animal Experimenta-
tion Ethics Committees of Chongqing Medical University
(IACUC-CQMU-2024-0083).

2.3 Glucose and insulin tolerance tests

On the 12th weekend of ND or HFD feeding, mice
were fasted for 14–16 h for glucose tolerance test (GTT)
and 4–6 h for insulin tolerance test (ITT). Mice were
given an intraperitoneal injection of 20% glucose (1 g/kg;
KELUN, China) or insulin (0.75 U/kg; Novo Nordisk, Den-
mark). Blood samples were obtained from tail bleeds and
were subsequently measured with a glucometer (One-
Touch Verio R©; Johnson & Johnson, USA) at various time
points: at baseline, as well as 15, 30, 60 and 120 min
post-injection.

2.4 Hyperinsulinemic-euglycemic
clamps

Hyperinsulinemic-euglycemic clamps were performed as
previously described.16 In brief, mice underwent a 10 h
fasting period prior to the study, after which they were
anesthetised with isoflurane anesthesia (induction 5% and

maintenance 2%). [3-3H]-glucose (0.2mL/h; 0.05 µCi/min)
was continuously infused through the jugular vein for
90min andmaintained throughout the study. At t= 0min,
insulin (5 mU/kg min) and 20% glucose were infused into
the jugular vein and maintained throughout the study.
Samples of blood were collected at −90, 0, 80, 90, 100 and
120 min to assess the specific activities of [3-3H]-glucose.

2.5 Cell culture

Mouse primary hepatocytes (MPHs) were extracted from
WT and Nrf2−/- mice, as previously reported.17 MPHs and
HepG2 cells were cultured in DMEM with 10% FBS and
1% penicillin–streptomycin–amphotericin B, maintained
at 37◦C in a 5% CO2 incubator. For adenovirus (Adv)-
inducedNrf2 overexpression,HepG2 cellswere transfected
with Adv-Nrf2/Con (OBiO Inc, Shanghai, China) for 24 h.
For Gsdmd overexpression or knockdown, HepG2 cells
were transfected with Lv-Gsdmd/shGsdmd/Con for 48 h.
Palmitic acid (PA) solution was prepared by adding 33 mg
PA (P5585; Sigma) into 3mL of 0.1MNaOH, and then incu-
bated at 75◦C until completely dissolved. To prepare the
BSA solution, 1.2 g of free fatty acids were first dissolved in
3mL of PBS. Afterward, the PA solutionwasmixed into the
BSA solution, which was subsequently filtered. The mix-
ture was stored at−20◦C. To construct a cell model of lipid
metabolism disorder, HepG2 cells or MPHs were treated
with 50–800 µM PA for 24 h.

2.6 Western blots

After sacrificing the mice, liver samples were collected
and initially homogenised in RIPA Lysis Buffer (Beyotime,
China; P0013B) supplemented with phenylmethane-
sulfonyl fluoride (Beyotime; ST506), using a tissue
grinding machine equipped with steel balls (JXFSTPRP-
CL, Jingxin, China). Following centrifuging (12 000×g,
15 min), the supernatant underwent sonication and
centrifugation (12 000×g, 10 min). Protein level of the
resulting supernatant was quantified using BCA detecting
method (Beyotime; P0010S). After being separated by SDS-
PAGE, the proteins were transferred onto Immobilon-P
PVDF membranes. Subsequently, immunoblotting was
conducted using primary and secondary antibodies,
detailed in Table S1.

2.7 Immunofluorescence

After fixing the cells in 4% paraformaldehyde for 30 min,
they were permeabilised with 0.3% Triton X-100. To avoid
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nonspecific binding, the cells were incubated with 10%
goat serum at room temperature for 1 h. Subsequently, the
cells were treated with anti-GSDMD at 4◦C for 16 h, fol-
lowed by a 2-h treatment with goat anti-mouse IgGH&L at
37◦C. Nucleus were stained with DAPI (C1002; Beyotime).
Fluorescent imageswas obtained by a confocalmicroscopy
(TSC SP8; Leica, Germany) using 20× and 40× objectives.
Imageswere processed using the LAXVVersion 1.0.0 build
0 and ImageJ (NIH; ver. 1.52t.) software.
For immunofluorescence (IF) staining in the liver, tis-

sues were fixed and dehydrated (30% sucrose diluted in
4% paraformaldehyde) for 48 h, then sectioned into 6 µm
slices. The followed IF staining procedures were the same
as described above. The antibodies for IF staining were
summarised in Table S1.

2.8 Quantitative real-time PCR

Total RNAwas extracted using RNAiso Plus (9109; Takara,
Japan), and its quality and concentration were assessed
with a Nanodrop 2000 spectrophotometer. Complemen-
tary DNA (cDNA) was generated from 0.5 µg of RNA with
the PrimeScript™ RT Reagent Kit (RR036A; Takara), and
qRT-PCRwas subsequently conducted on theCFXOpus 96
Real-Time qPCR system. Briefly, the reaction consists of a
10 µL system including 5.6 µL TBgreen (RR420A; Takara),
10 pM primer and 2 µL cDNA. A two-step cycling protocol
was performed as follows: initial denaturation at 95◦C for
30 s, followed by 40 cycles of 95◦C for 5 s and 60◦C for 30 s.
Melt curve analysis was conducted from 65 to 95◦C with a
0.5◦C increment per cycle. Primer sequences are listed in
Table S2.

2.9 TUNEL assay

Mice liver tissueswere fixed overnight in 4%paraformalde-
hyde, then sectioned into 6 µm slices. Cell death was
detected using either a fluorescein (G1501-50T; Service-
bio, China) or a TMR (G1502-50T; Servicebio) TUNEL cell
apoptosis detection kit. Briefly, the slices of tissues were
treated with proteinase K solution for 10 min, followed by
a 10-min incubation with equilibration buffer. TdT buffer
was then used for incubation of the slices at 37◦C for 1 h.
Images were captured using a confocal microscopy.

2.10 Histological staining

Mice liver were paraformaldehyde fixed and paraffin
embedded, and sectioned at 6 µm. For H&E staining,
haematoxylin and eosin (Servicebio) were applied and

incubated for 3–5 min. Oil-Red-O solution (G1015; Service-
bio) was utilised to stain frozen liver sections or HepG2
cells for 30 min to measure lipid deposition. For Sirius red
staining, sections first underwent deparaffinisation and
rehydration. Sirius red (PH1098; PHYGENE, China) was
utilised to incubate sections for 1 h and followed by dif-
ferentiation with acidified water. After dehydration with
100% ethanol and xylene, the sections were imaged with a
slide scanner (VS200; Olympus, Japan). Frozen liver tissue
sections were stained with 2 µM BODIPY493/503 (D3922;
Invitrogen, USA) for 30 min for BODIPY staining. The
image was obtained by fluorescence microscopy.

2.11 Cell counting kit-8 assay

MPHs or HepG2 cells plated with 96-well culture plates
were administrated with PA (50, 100, 200, 400 and 800 µM)
for a 24-h period. The medium was then refreshed and
cell counting kit-8 (CCK8) solution (C0038; Beyotime) was
added, followed by incubation at 37◦C for 1 h. Finally, A450
was measured using a Spectramax iD5 microplate reader
(Molecular Devices, USA).

2.12 Enzyme-linked immunosorbent
assay and lactate dehydrogenase assay

HepG2 cells or MPHs were seeded into six-well culture
plates (6 × 105/well). After a 24-h transfection with Adv-
Nrf2/Con, HepG2 cells were treated with Lv-Gsdmd/Lv-
Con for 48 h, and then subjected to 200 µMPA for 24 h. Fol-
lowing the treatment, the supernatant was collected and
centrifuged at 1000×g for 5 min. IL1β concentrations were
measured using a human enzyme-linked immunosorbent
assay (ELISA) kit (RX106152H; Ruixin Biotech, China)
or a mouse ELISA kit (orb775136; Biorbyt, UK). Lactate
dehydrogenase (LDH) activity was assessed by using a
commercial kit (C0016; Beyotime). Briefly, HepG2 cells or
MPHs were treated similarly to ELISA experiments. Fol-
lowing a 5-min centrifugation at 400×g, 120 µL of the
supernatant was carefully collected. Sixty microliters of
LDH solution was added and then incubated at room tem-
perature for 30 min. The A490 was measured using a
microplate reader.

2.13 Flow cytometry

The APC Annexin V/FITC PI Kit was employed to assess
cell pyroptosis levels. Cells were briefly washed and resus-
pended in PBS, stained with APC Annexin V and PI at
25◦C in the dark for 15 min and analysed using a flow
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cytometer (Beckman Coulter, USA) within an hour, with
subsequently analysed by FlowJo software (v10.6.2).

2.14 Prediction of the relationship
between NRF2 and GSDMD

To identify potential NRF2 binding sites within the pro-
moters of pyroptosis-related genes, the JASPAR database
(https://jaspar.elixir.no/) was utilised. Relative profile
scores for NRF2 binding motifs in target genes were com-
pared. Additionally, the GEPIA database (http://gepia.
cancer-pku.cn/)was used to assess the correlation between
NRF2 and the mRNA expression levels of pyroptosis
markers.

2.15 Dual-luciferase reporter assay

A luciferase reporter plasmid (pGL4.1–Gsdmd–WT) was
constructed with the full-length human Gsdmd promoter.
Two truncated Gsdmd promoters, −2110 to −1130 bp
(Gsdmd#1) and −1129 to 0 bp (Gsdmd#2), were also
cloned into the pGL4.1 plasmid. HepG2 cells were co-
transfected with pGL4.1–Gsdmd–WT/Gsdmd#1/Gsdmd#2,
PGL3.1–Nrf2/Con and Renilla luciferase reporter plas-
mid (pRL-CMV) by using Lipofectamine 3000 (L3000015;
Thermo Fisher Scientific, USA) for 48 h. The Dual-
Lumi™ II Luciferase Reporter Gene Assay Kit (RG089S;
Beyotime) was used to assess the signals of firefly and
Renilla luciferase. Firefly luciferase results were nor-
malised against Renilla luciferase activity.

2.16 Chromatic immunoprecipitation

The ChIP assay was conducted using 250 000 HepG2 cells
or 1 mg of lightly fixed liver tissue from mice transfected
with AAV–TBG–Nrf2 with the CUT&RUN assay kit (Cell
Signaling Technology; #86652S), as previously reported.18
Briefly, cultured HepG2 cells or single-cell suspension
from liver tissue pieces were washed and incubated with
concanavalin A-beads for 5 min. After washing, the cell-
bead solution was further incubated with 4 µg anti-NRF2
antibody at 4◦C for 4 - 6 h. Following this, 50 µL of
pAG-MNase pre-mix was added to each tube and incu-
bated at 4◦C for 1 h. After washing, 3 µL cold CaCl2
was added to activate pAG-MNase. Then, 1× stopping
buffer was added to release DNA fragments and purifi-
cation. The purified DNA products were quantified by
qPCR and NG-Sequencing. For constructing sequencing
libraries, CUT&RUNDNAwas processed with a NEBNext
Ultra II DNA Library Prep Kit.

To confirm NRF2’s targeting of the Gsdmd promoter,
the CUT&RUN assay was performed, and RT-PCR was
employed to quantify immunoprecipitated DNA by using
primers sequence for the Gsdmd#1 promoter (forward:
CTCCATCCTGGTGACAGAGCA; reverse: GCACTC-
CTGGGCTCAAGTGATC) and Gsdmd#2 promoter
(forward: GATGC TGCCGTGAACTTTGGT; reverse:
TCTGGAAT AAGCCTGGCAGCT).

2.17 Statistical analysis

The data were expressed as means ± SEM. An unpaired
two-tailed Student’s t-test was used for two-group compar-
isons. For more than two groups, one-way ANOVA was
used, with Tukey’s post hoc test for multiple comparisons.
GraphPad Prism 9.5.1 was used for the statistical analyses,
with a significance threshold of p less than .05.

3 RESULTS

3.1 MAFLD is associated with increased
NRF2 expression and pyroptosis in
hepatocytes

TodetermineNRF2’s potential involvement inMAFLD,we
first analysed its expression in liver tissues from MAFLD
patients. Clinical parameters in MAFLD patients are dis-
played in Table S3. Consistent with previous study,19 we
found that both NRF2 mRNA and protein levels were
significantly elevated in the liver of MAFLD patients
compared with controls, along with increased nuclear
NRF2 expression (Figures 1A,B and S1A). This increase in
NRF2 expression was further corroborated in animal mod-
els; specifically, HFD-fed mice and db/db mice exhibited
markedly higher levels of total and nuclear NRF2 expres-
sion compared with their counterparts (Figures 1C–F and
S1B,C). Additionally, at the cellular level, NRF2 mRNA
and protein expression significantly increased in HepG2
cells following PA treatment and increased nuclear NRF2
expression relative to BSA-treated cells (Figures 1G,H and
S1D). To identify the main cell types expressing NRF2 in
the liver, we performed Co-IF staining of NRF2 with liver
parenchymal cell markers, including hepatocytes (ALB),
macrophages (F4/80), biliary epithelial cells (CK19), sinu-
soidal endothelial cells (CD31) and hepatic stellate cells
(Desmin). We found that NRF2 was mainly co-localised
with ALB, indicating that NRF2 is mainly expressed in
hepatocytes. Therefore,HFDmainly leads to an increase in
NRF2 expression in hepatocytes (Figure 1I). Overall, these
findings suggest that NRF2 is mainly expressed in hepato-
cytes and closely related to hepatic lipid accumulation.

https://jaspar.elixir.no/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
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F IGURE 1 NRF2 expression and pyroptosis are increased in liver of patients with MAFLD and obese mice. (A and B) NRF2 mRNA (A)
and protein expression of whole cell lysate and nucleus (B) in normal individuals and patients with MAFLD. (C and D) Eight-week-old male
WTmice were fed a ND or HFD for 12 weeks. NRF2 mRNA (C) and protein (D) expression in the liver. (E and F) NRF2 mRNA (E) and protein
(F) expression in the liver of db/m and db/db mice. (G and H) NRF2 mRNA (G) and protein (H) expression in BSA or PA-treated HepG2 cells.
(I) Co-immunofluorescence (Co-IF) for NRF2 with ALB, F4/80, cytokeratin 19 (CK19), CD31 or Desmin. (J and K) Western blots analysis for
pyroptotic cell markers in the liver of ND- or HFD-fed WT mice (J) and db/m or db/db mice (K). (L–N) Co-IF staining for cle-Caspase1 (L),
GSDMD (M) or IL1β (N) with ALB in the liver from ND- or HFD-fed mice. NC, normal control; ND, normal chow diet; HFD, high-fat diet;
MAFLD, Metabolic dysfunction-associated fatty liver disease; BSA, bovine serum albumin; PA, palmitic acid. Data are expressed as the
mean ± SEM (n = 3 mice and three independent experiments). *p < .05, **p < .01, ***p < .001.
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Given the pivotal role of pyroptosis, a form of
programmed inflammatory cell death, in MAFLD
pathogenesis,7,20 we explored the relationship between
MAFLD and hepatic pyroptosis. Our analysis revealed ele-
vated protein levels of key pyroptosis markers, including
NLRP3, Caspase1, GSDMD and pro-IL1β, in the livers of
HFD-fed mice and db/db mice. The levels of cle-Caspase1,
N-GSDMD and IL1β proteins, which are active pyroptosis
markers, significantly increased (Figures 1J,K and S1E,F).
IF staining further substantiated these findings, showing
significantly higher levels of cle-Caspase1, GSDMD and
IL1β in the hepatocytes of HFD-fed mice (Figure 1L–N).
These data indicate that hepatic steatosis exacerbates
hepatic pyroptosis, contributing to MAFLD progression.

3.2 Nrf2 knockout aggravates
HFD-induced hepatocyte pyroptosis

To investigate the metabolic phenotype associated with
NRF2 functional deficiency, we utilisedNrf2 global knock-
out (Nrf2−/−) mice (Figures 2A and S2A). As expected,
the expression of NRF2 mRNA and protein in Nrf2−/−
mice was almost invisible (Figure S2B,C). When subjected
to a HFD, there was a marked increase in body weight,
fasting blood glucose, insulin levels and HOMA-IR in
Nrf2−/- mice compared with WT mice. (Figure 2B–E).
GTT and ITT further demonstrated impaired glucose tol-
erance and glucose clearance rates in HFD-fed Nrf2−/−
mice compared with the WT controls under the same diet
(Figure 2F,G). Additionally, EHC experiments (Figure 2H),
considered the gold standard for evaluating IR, showed
that Nrf2 deficiency led to decreased glucose infusion
rate (GIR), increased hepatic glucose production (HGP)
and reduced glucose disposal (Rd) under HFD feeding
(Figure 2I–K). The data imply that Nrf2 deficiency inten-
sifies the metabolic disturbances and IR induced by a
HFD.
To further elucidate the role of NRF2 in liver lipid

metabolism, we observed the lipid metabolism phenotype
in Nrf2−/- mice. Nrf2 knockout mice exhibited increased
liver steatosis and chronic inflammatory response, as evi-
denced by H&E, Oil-Red-O, F4/80 and Bodipy staining
and increased liver TG content compared with WT mice
under HFD-feeding (Figures 2L,M and S2D,E). However,
there was no significant difference in serum ALT and
AST (Figure S2F,G), which might be due to HFD not
being sufficient to induce marked ALT/AST alterations.
Additionally, HFD-fed Nrf2−/− mice displayed increased
liver fibrosis, indicated by Sirius red and α-SMA stain-
ing (Figure S2H). Consistently, Nrf2 knockout resulted in
increased expressions of genes associated with gluconeo-
genesis and fat formation, while genes related to glycolysis

remained unchanged (Figure S2I–K). These observations
suggest that Nrf2 deficiency exacerbates HFD-induced
hepatic steatosis and chronic inflammation.
Previous studies have shown that NRF2 inhibits pyrop-

tosis in various tissues.12,13 However, it remains unclear
whether NRF2 plays a role in HFD-induced hepatocyte
pyroptosis. To address this, we measured the mRNA and
protein expression of the pyroptosis markers. Nrf2 knock-
out led to increased mRNA expression of Nlrp3, Caspase1,
Gsdmd, Il18 and Il1β (Figure 2N), as well as elevated pro-
tein levels of GSDMD, cle-Caspase1, N-GSDMD, pro-IL1β
and IL1β (Figures 2O and S2L). IF staining for cle-Caspase1
and IL1β, as well as co-stained GSDMD with ALB, fur-
ther confirmed the increased hepatocyte pyroptosis in
Nrf2−/− mice (Figures 2P,Q and S2M). TUNEL stain-
ing showed an increase in overall cell death in HFD-fed
Nrf2−/− mice, which includes pyroptosis (Figure S2N).
These results demonstrate thatNrf2 deficiency exacerbates
HFD-induced liver pyroptosis.

3.3 Liver-specific Nrf2 knockout in mice
aggravates MCD-induced liver hepatocyte
pyroptosis

To examine NRF2’s impact on pyroptosis in hepatocytes,
we generated Nrf2LKO mice and Nrf2fl/fl mice were used as
controls (Figure S3A). These mice were then fed a MCD
diet for 4 weeks (Figure 3A). The genotype of the mouse
was identified, and the efficiency of Nrf2 knockout was
confirmed by NRF2mRNA and protein expression (Figure
S3B,C). Nrf2LKO mice exhibited body weights compara-
ble to the Nrf2fl/fl controls, but showed increased hepatic
lipid deposition andmacrophage infiltration (Figures 3B,C
and S3D,E). Therefore, we believe that the body weight
phenotype of Nrf2−/− mice is caused by the extrahepatic
effects of NRF2. Additionally, liver fibrosis was exacer-
bated in Nrf2LKO mice (Figure 3D). Consistent with these
findings, genes associated with gluconeogenesis and lipid
metabolism were up-regulated in Nrf2LKO mice compared
with controls (Figure S3F–H), indicating that liver-specific
Nrf2 deletion promotes lipid accumulation and fibrosis in
response to the MCD diet.
Next, we examined the impact of liver-specific Nrf2

knockout on pyroptosis. As anticipated, Nrf2LKO mice
exhibited elevated expression of pyroptosis markers. This
was evidenced by increased mRNA levels of Nlrp3, Gsdmd
and Il1β, along with higher protein expression of cle-
Caspase1, N-GSDMD, GSDMD and IL1β (Figures 3E,F
and S3I). IF staining further confirmed these findings,
showing increased levels of cle-Caspase1 and IL1β, as well
as increased co-localisation of GSDMD with ALB in the
liver (Figures 3G,H and S3J). Tunnel staining showed the
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F IGURE 2 Nrf2−/− mice exhibit increased body weight, IR, hepatocyte pyroptosis and inflammation under HFD-feeding. (A) Schematic
diagram of the experimental procedure. Eight-week-old male WT and Nrf2−/− mice were fed a ND or HFD for 12 weeks. (B–G) (B) Body
weight changes. (C) Fasting blood glucose. (D) Fasting insulin levels. (E) HOMA-IR. (F) GTT. (G) ITT. (H) Flow chart of
hyperinsulinemic-euglycemic clamps. (I) GIR. (J) HGP. (K) Rd. (L) Hepatic H&E and Oil-red-O staining. CV, central vein. (M) IF staining for
F4/80 in the liver. (N) Hepatic mRNA expression for pyroptotic cell markers. (O) Western blots analysis for pyroptotic cell markers in the
liver. (P) Co-IF staining of GSDMD and ALB in the liver. (Q) IF staining for IL1β. ND, normal chow diet; HFD, high-fat diet; GTT, glucose
tolerance test; ITT, insulin tolerance test; AUC, Areas under the glucose curves; HOMA-IR, homeostasis model assessment-insulin resistance
index; GIR, glucose infusion rate; HGP, hepatic glucose production; Rd, glucose disposal. Data are expressed as mean ± SEM (n = at least 6
mice and three independent experiments). ns, not significant. *p < .05, **p < .01, ***p < .001.
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F IGURE 3 Liver-specific Nrf2 knockout aggravates MCD-induced lipid deposition, inflammation and hepatocyte pyroptosis in the liver.
(A) Schematic diagram of the experimental procedure. Eight-week-old male Nrf2fl/fl mice were injected with AAV8–TBG–Cre/Null via the tail
vein and fed with MCD for 4 weeks. (B) Hepatic H&E and Oil-red-O staining. CV, central vein. (C) IF staining for F4/80 in the liver. (D) Sirius
red staining and immunohistochemistry staining for α-SMA in the liver. (E) Hepatic mRNA expression for pyroptotic cell markers. (F)
Western blots analysis for pyroptotic cell markers in the liver. (G) Co-IF staining for GSDMD and ALB. (H) IF staining for IL1β. MCD,
methionine and choline-deficient; α-SMA, alpha-smooth muscle actin. Data are expressed as mean ± SEM (n = at least 6 mice and three
independent experiments). ns, not significant. *p < .05, **p < .01.
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overall cell death in liver of Nrf2LKO mice (Figure S3K).
These results suggest that liver-specific Nrf2 knockout
exacerbates hepatocyte pyroptosis in response to MCD
diet-induced metabolic stress.

3.4 Liver-specific Nrf2 overexpression
alleviates HFD-induced liver hepatocyte
pyroptosis

To further determine the impact of Nrf2 overexpression
on pyroptosis in the liver, we generated liver specific Nrf2
overexpression mice. Eight-week-old male WT mice were
injected via the tail vein with adeno-associated virus car-
rying the TBG promotor and expressingNrf2/GFP (AAV8–
TBG–Nrf2/GFP) referred as AAV–Nrf2. These mice were
then fed a HFD for 12 weeks (Figure 4A). The effi-
ciency of Nrf2 overexpression was confirmed (Figure
S4A–C). AAV–Nrf2 mice exhibited reduced body weight
gain (Figure 4B) and improved glucose tolerance and
clearance, as evidenced by GTT and ITT (Figure 4C,D).
Furthermore, Nrf2 overexpression in the liver mitigated
HFD-induced liver steatosis and macrophage infiltration,
as shown by histological analyses (Figure 4E,F). Addi-
tionally, it reduced the tendency towards hepatic fibrosis,
as indicated by Sirius red and α-SMA staining (Figure
S4D). Overexpression of Nrf2 also resulted in a signifi-
cant down-regulation of genes related to gluconeogenesis
and fat formation, while glycolysis-related genes remained
unchanged (Figure S4E–G). These results indicate that
hepatic Nrf2 overexpression enhances lipid degeneration
and insulin sensitivity in the context of HFD.
To further investigate the effects of Nrf2 overexpression

on hepatic pyroptosis, we determined the expression of
pyroptosis marker genes. Overexpression of Nrf2 resulted
in reduced mRNA levels of Gsdmd, Il18 and Il1β, as well
as reduced protein levels of cle-Caspase1, GSDMD, N-
GSDMD, Pro-IL1β and IL1β protein expression in the
liver (Figures 4G,H and S4H). The decreased cle-Caspase1,
GSDMD and IL1β were confirmed by IF (Figures 4I,J and
S4I). Moreover, TUNEL staining showed decreased cell
death in the liver (Figure S4J). These findings demon-
strate that NRF2 overexpression mitigates HFD-induced
hepatocyte pyroptosis and inflammation.

3.5 NRF2 regulates hepatocyte
pyroptosis in vitro

To confirm role of Nrf2 in regulating pyroptosis in vitro,
we isolated MPHs from Nrf2−/− and WT mice and
treated them with or without PA to induced pyroptosis
(Figure 5A). To confirm the appropriate concentration of

PA, we conducted a CCK8 cell viability assay. The results
showed that in MPHs, the cell survival rate significantly
decreased when the PA concentration exceeded 200 µM.
Therefore, MPHs were treated with 200 µM PA (Figure
S5A). Furthermore, We found that with the increase of
PA concentration, the expression of pyroptosis marker
protein also increased (Figure S5B). As expected, NRF2
expression was almost invisible in Nrf2−/− MPHs (Figure
S5C,D). Consistence with in vivo findings, Nrf2 defi-
ciency enhanced PA-induced mRNA expressions of genes
related to gluconeogenesis, while glycolysis-related genes
remained unchanged (Figure S5E,F). Additionally, the
mRNA expression of genes related to lipidmetabolism and
intracellular lipid droplets significantly increased (Figure
S5G,H). Prompted by in vivo results, we further deter-
mine whether NRF2 regulates pyroptosis at the cellular
level. MPHs from WT or Nrf2−/− mice were used for this
analysis. Notably, MPHs from Nrf2−/− mice exhibited ele-
vated mRNA expression of Nlrp3, Gsdmd, Il18 and Il1β
under both BSA and PA treatment compared with MPHs
fromWTmice (Figure 5B). Furthermore, PA-treatedMPHs
from Nrf2−/− mice showed increased protein levels of
NLRP3, cle-Caspase1, GSDMD, N-GSDMD, pro-IL1β and
IL1β (Figures 5C and S5I). IF staining confirmed increased
GSDMD expression in Nrf2−/− MPHs (Figure 5D). More-
over, supernatants from the PA-treated MPHs of Nrf2−/−
mice showed increased IL1β expression and LDH activity
(Figure 5E,F). Finally, an increased proportion of Annexin
V−/PI+ cell, indicative of pyroptosis,21 was observed in
MPHs from Nrf2−/− mice (Figure 5G). These in vitro
results suggest that loss of Nrf2 promotes glucose/lipid
metabolism disorders, inflammatory responses and pyrop-
tosis, especially under high-fat conditions.
To further explore the role of NRF2 in different cell

types, HepG2 cells were transfected with Adv expressing
Nrf2/Control (Adv–Nrf2/Con) and treated with PA/BSA
for 24 h (Figure 6A). In addition, the CCK8 experiments
showed that a PA concentration of 400 µM significantly
reduced the survival rate of HepG2 cells (Figure S6A).
With the increase of PA concentration, the expression of
pyroptosis marker proteins and lipid deposition increased
(Figure S6B,C). The efficiency of transfection was shown
in Figure S6D–F. In PA-treated HepG2 cells, Nrf2 over-
expression significantly down-regulated genes related to
gluconeogenesis and fat synthesis, reduced intracellular
lipid droplets, while glycolysis-related genes remained
comparable between groups (Figure S6G–J). Further-
more, Nrf2 overexpression in HepG2 cells also led to
down-regulation of PA-induced pyroptosis markers and
inflammatory cytokine expression (Figures 6A–G and
S6K). Together, these data suggest that NRF2 impacts glu-
cose/lipid metabolism at least partially through its effect
on pyroptosis in the liver.
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F IGURE 4 Liver-specific Nrf2 overexpression alleviates diet-induced obesity (DIO), IR, inflammation and hepatocyte pyroptosis in the
liver. (A) Schematic diagram of the experimental procedure. Eight-week-old male WT mice were injected with AAV8–TBG–Nrf2/GFP via the
tail vein and fed with HFD for 12 weeks. (B) Body weight changes. (C) GTT and AUCglucose. (D) ITT and AUCinsulin. (E) Hepatic H&E and
Oil-red-O staining. CV, central vein. (F) IF staining for F4/80 in the liver. (G) Hepatic mRNA expression for pyroptotic cell markers. (H)
Western blots analysis for pyroptotic cell markers in the liver. (I) Co-IF for GSDMD with ALB in the liver. (J) IF staining for IL1β in the liver.
HFD, high-fat diet; GTT, glucose tolerance test; ITT, insulin tolerance test; AUC, areas under the glucose curves. Data are expressed as the
mean ± SEM (n = at least 3 mice and 3 independent experiments). ns, not significant. *p < .05, **p < .01, ***p < .001.
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F IGURE 5 MPHs from Nrf2−/− mice exhibit increased pyroptosis and inflammation. (A) Schematic diagram of MPHs isolation and
treatments. MPHs were isolated fromWT or Nrf2−/− mice and then treated with PA or BSA for 24 h. (B) mRNA expression for pyroptosis
markers. (C) Western blots analysis for pyroptosis markers. (D) IF staining for GSDMD. (E) IL1β protein levels in culture medium. (F) LDH
activity in the culture medium. (G) Flow cytometry for Annexin V/PI-positive cells. MPHs, mouse primary hepatocytes; LDH, lactate
dehydrogenase. PA, palmitic acids; data are expressed as the mean ± SEM (n = 3 mice and three independent experiments). ns, no significant.
*p < .05, **p < .01, ***p < .001.
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F IGURE 6 Nrf2 overexpression inhibits pyroptosis and inflammation in HepG2 cells. (A) Schematic diagram of the study procedure.
HepG2 cells were transfected with adenovirus encoding a control vector (Adv-Con) or Nrf2 (Adv-Nrf2) for 48 h following by administration of
BSA or PA for 24 h. (B) mRNA expression for pyroptosis markers. (C) Western blots analysis for pyroptosis markers. (D) IF staining for
GSDMD. (E) IL1β protein levels in culture medium. (F) LDH activity in the culture medium. (G) Flow cytometry for AnnexinV/PI-positive
cells. Con, controls; LDH, lactate dehydrogenase. PA, palmitic acids; BSA, bovine serum albumin. Data are expressed as the mean ± SEM
(n = 3 independent experiments). ns, not significant. *p < .05, **p < .01, ***p < .001.
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3.6 NRF2 regulates GSDMD expression
at the transcription level

The previous findings revealed that NRF2 inhibits the
expression of pyroptosis marker genes. To understand the
underlying mechanism, we investigated whether NRF2
transcriptionally regulates these genes. Using the JAS-
PAR database, we predicted potential NRF2 binding sites
within the promoters of pyroptosis-related genes (Table
S4). Notably, the Gsdmd promoter showed the highest
relative profile score for the NRF2 binding motif (ID:
MA0150.1), indicating that NRF2 may bind to the Gsdmd
promoter (Figure 7A). In addition, a negative correla-
tion between Nrf2 and Gsdmd mRNA expression was
found in the GEPIA database (http://gepia.cancer-pku.
cn/) (Figure 7B). Further experiments in HepG2 cells
showed that with the Adv-Nrf2 infection titer increases,
the expression of GSDMD mRNA and protein decreases.
(Figure 7C,D). These findings, consistent with our in vivo
and in vitro results, indicate thatNRF2negatively regulates
GSDMD expression at the transcriptional level. To confirm
that NRF2 can bind to the Gsdmd promoter, we per-
formed a ChIP-seq analysis using an anti-NRF2 antibody
in HepG2 cells, revealing a peak at the Gsdmd pro-
moter locus (Figure 7E). To identify specific NRF2 binding
sites within the Gsdmd promoter, we conducted luciferase
reporter assays. We constructed luciferase reporter vectors
containing the full-length Gsdmd promoter (WT), a −2110
to −1130 bp fragment (Gsdmd#1) and −1129 to 0 bp frag-
ment (Gsdmd#2) (Figure 7F). The luciferase assays showed
that overexpression ofNrf2 significantly inhibited the tran-
scriptional activity ofGsdmd#1 and theGsdmdWT but did
not affect the activity of Gsdmd#2 (Figure 7G). To further
verifyNRF2 binding to theGsdmdpromotor,we performed
ChIP-qPCR assay in HepG2 cells using an NRF2 antibody.
As expected, NRF2 primarily bound to the Gsdmd#1 frag-
ment of the promotor (Figure 7H,I). ChIP-qPCR assay was
also performed in the liver of AAV–TBG–Nrf2-transfected
WT mice to confirm the binding of NRF2 and Gsdmd#1
fragment (Figure 7J,K). These data indicate that NRF2
inhibits GSDMD expression by binding to the Gsdmd#1
(−2110 to −1130 bp) region of its promoter.

3.7 GSDMD-mediated NRF2’s role in
regulating hepatocyte pyroptosis

To explorewhether GSDMD is involved inNRF2-regulated
pyroptosis, we transfected HepG2 cells overexpressing
Nrf2 with lentivirus expressing Gsdmd (Lv-Gsdmd)
(Figure 8A). The efficiency of transfection was confirmed
(Figure S7A,B). Our results revealed that Gsdmd overex-
pression significantly counteracted the effect of NRF2 on

liver lipid deposition (Figure S7C). In addition, Gsdmd
overexpression abrogated the inhibition effect of NRF2 on
the mRNA expression of inflammatory factors, as well as
on the protein levels of Pro-IL1β and IL1β (Figures 8B,C
and S7D). Furthermore, Gsdmd overexpression nullified
the effects of Adv-Nrf2 treatment on IL1β levels, LDH
activity in cell medium and the proportion of Annexin
V−/PI+ cells in responding to PA (Figure 8D–F). These
observations highlight NRF2’s role in the regulation of
lipid metabolism, chronic inflammation and pyroptosis
are GSDMD-dependent in HepG2 cells.
To examine the influence of GSDMD on NRF2-related

pyroptosis in vivo, 8-week-old male Nrf2−/− mice were
administered Lv-shGsdmd/shCon via tail vein injection
and maintained on a HFD for 8 weeks (Figure 9A).
Transfection efficiency was shown in Figure S8A–C.
Down-regulation of Gsdmd significantly mitigated Nrf2
deficiency-induced hepatic steatosis andmacrophage infil-
tration in the liver of HFD-fed mice (Figures 9B,C and
S8D). Additionally, Gsdmd knockdown alleviated the up-
regulation of Il1βmRNA expression, as well as the protein
levels of Pro-IL1β, and IL1β, which were elevated due to
Nrf2 deficiency in the liver of these animals (Figures 9D,E
and S8E). Confocal imaging confirmed thatGsdmd knock-
down reversed the effects of Nrf2 deficiency on IL1β
(Figure 9F). Overall, these results demonstrate that NRF2
regulates hepatocyte pyroptosis and associated inflamma-
tion in a GSDMD-dependent manner (Figure 9G).

4 DISCUSSION

Pyroptosis is a newly identified form of programmed
cell death.7 While chronic low-grade inflammation and
hepatic steatosis may trigger pyroptosis, its precise mech-
anism remain unclear. NRF2 is known to have protec-
tive effects against hepatic steatosis, largely by inhibiting
chronic inflammation.22 However, it is currently unknown
whether NRF2 exerts its effect by inhibiting pyroptosis in
the liver. In this study, we demonstrate that NRF2 plays a
regulatory role in liver steatosis, chronic low-grade inflam-
mation and IR. Our finding suggests that NRF2 regulates
liver glucose and lipidmetabolism through a novel mecha-
nism involving pyroptosis. Mechanistically, we found that
NRF2 binds to the Gsdmd promoter fragment (−2110 to
−1130 bp), thereby inhibiting its transcription, leading to
reduced pyroptosis and lipid deposition in the liver. These
findings broaden our understanding of the pathological
role of NRF2 in MAFLD.
Previous studies have highlighted the pivotal role of

NRF2 in the progression of MAFLD and MASH with
fibrosis.23,24 NRF2 is primarily known for its involvement
in oxidant responses, where it suppresses oxidative stress

http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
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F IGURE 7 NRF2 inhibits transcription and expression of GSDMD in vitro. (A) Prediction of NRF2’s binding motifs and the promoters of
pyroptosis-related genes in JASPAR database (https://jaspar.elixir.no/). (B) Prediction of the relationship between Nrf2 and GsdmdmRNA
expression in GEPIA database (http://gepia.cancer-pku.cn/). (C and D) HepG2 cells were transfected with Adv-Nrf2 at increasing MOI (6, 12,
24, 48) for 48 h, as indicated in the Methods. NRF2 (both in whole cell lysate and nucleus) and GSDMDmRNA (C) and protein (D) expression
levels. (E) ChIP-seq analysis of the binding of NRF2 on the promoters of Gsdmd in HepG2 cells. (F) Schematic diagram showing luciferase
reporter vectors containing truncated (Gsdmd#1, −2110 to −1030 bp; Gsdmd#2, −1129 to 0 bp) or GsdmdWT promoters. (G) The relative
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by transcriptionally up-regulating antioxidant enzymes,
such as HO-1, NADPH and GSH99. Additionally, NRF2
activation reduces inflammation by either decreasing
oxidative responses or directly inhibiting inflammatory
pathways, such as the NFκB signaling pathway.25 These
mechanisms contribute to increased insulin sensitivity
and enhanced metabolism of glucose and lipids. However,
evidence regarding the role of NRF2 in regulating these
process is contradictory. Some studies, including our
previous research, indicated that NRF2 can improve liver
steatosis, inhibit fat production and liver fibrosis and
exert anti-inflammatory and antioxidant effects.15,22,26
Several NRF2 activators, such as TBE-31 and CDDOIm,
have been reported to alleviate HFD-induced MAFLD by
reducing liver steatosis, inflammation, lipid deposition
and fibrosis.9,27 Conversely, other studies report that NRF2
has minimal or even adverse effects on glucose and lipid
metabolism and diet-induced obesity.26,28 In this study,
we confirmed the positive regulatory role of NRF2 in
lipid metabolism using both gain- and loss-of-function
approaches in vitro and in vivo. Importantly, EHC exper-
iments revealed that Nrf2 deficiency increases HGP and
IR under HFD feeding, supporting the beneficial effects
of NRF2 on glucose metabolism and IR in diet-induced
obesity.
Pyroptosis and inflammasome activation have recently

been recognised as significant porcesses in liver disease
such as MAFLD and MASH.29 Pyroptosis is marked by
membrane disruption, caspase activation, pore formation,
cellular swelling and the secretion of pro-inflammatory
cytokines.30–32 Remarkably, the suppression of pyropto-
sis effectors, with inhibitors like MCC950 for NLRP3,
Ac-YVAD-cmk for Caspase-1 and necrosulfonamide for
GSDMD, has shown to be protective against MAFLD.33
Recent studies have linked pyroptosis to MAFLD progres-
sion, associating lipid deposition with increased inflam-
mation and fibrosis.34 This might be largely related to the
increased inflammation level caused by pyroptosis, which
contributes to IR in MAFLD.35
Similar to previous reports, our study found signifi-

cant changes in inflammation and pyroptosis markers in
the liver of MAFLD patients and obese mice, suggesting
increased pyroptosis accompanied by chronic inflamma-
tion in liver steatosis. NRF2 expression also increased
the liver of these mice, especially in hepatocytes, suggest-
ing a link between NRF2 and pyroptosis in the liver. As

expected, overexpression of NRF2 improved liver steatosis
in diet-induced obese mice, while inhibiting pyropto-
sis and inflammation markers, including cle-Caspase1,
GSDMD, N-GSDMD, Pro-IL1β and IL1β. Conversely, liver
specific Nrf2 deficiency showed opposite results. These
results demonstrate that the improvement of liver steato-
sis and glucose/lipid metabolism by NRF2 in obese mice
is related to its inhibitory effects on pyroptosis and chronic
inflammation. The observed reduction in cleaved Caspase-
1 may be secondary to the overall decrease in oxidative
stress and inflammationmediated byNRF2,which showed
opposite results in Nrf2-deficient models. Our previous
study revealed thatNrf2 deficiency promotes liver steatosis
by enhancing SREBP-1c activity and reducing autophagy.15
Therefore, our findings provided evidence thatNRF2 influ-
ences liver glucose and lipid metabolism through multiple
pathways.
GSDMD, a substrate of inflammatory caspases, is cru-

cial in inflammatory caspase-mediated pyroptosis36,37and
the pathogenesis of MAFLD by regulating cytokine secre-
tion and fat generation.4 Our study reveals that increased
NRF2 expression significantly inhibits GSDMD expression
in vitro, indicating that GSDMD expression is regulated by
NRF2.
To clarify the relationship between NRF2 and

pyroptosis-related genes, we predicted NRF2 binding to
the promoters of these genes using the JASPAR database
and found that NRF2 may bind to the Gsdmd promoter.
We further performed ChIP-qPCR assay to ascertain the
NRF2’s binding with Gsdmd promoter. Finally, we con-
firmed that NRF2 inhibits GSDMD expression by binding
to theGsdmd (−2110 to−1130 bp) fragment of its promoter.
Additionally, our results indicate that the regulation of
NRF2 on liver pyroptosis and related inflammation is
GSDMD dependent. It has been reported that GSDMD
exerts its pyroptosis actuator function by releasing the
N-GSDMD which induces pyroptosis and controls the
release of inflammatory factors.38,39 Therefore, NRF2
improves liver glucose metabolism and lipogenesis, at
least in part, by inhibiting GSDMD expression, reducing
N-GSDMD and pro-inflammatory cytokine secretion.
The NRF2–GSDMD–pyroptosis pathway may thus be
key pathway in the pathological mechanism of MAFLD.
Based on our previous and other findings,15,40,41 it has
shown that NRF2 has multiple roles and mechanisms in
regulating lipid metabolism and MAFLD. This highlights

luciferase activities in HepG2 cells co-transfected with luciferase reporter plasmids containing WT or truncated Gsdmd promoter sequences
and overexpression plasmids of Nrf2. (H) ChIP-qPCR assay for the binding of NRF2 to Gsdmd promoter in HepG2 cells. (I) Agarose gel
electrophoresis for detecting NRF2’s binding to Gsdmd promoter with primers for Gsdmd#1 and Gsdmd#2. (J) ChIP-qPCR assay for the
binding of NRF2 to Gsdmd promoter in the liver of WT mice transfected with AAV–TBG–Nrf2. (K) Agarose gel electrophoresis for detecting
NRF2’s binding to Gsdmd promoter with primers for Gsdmd#1 and Gsdmd#2 in liver of WT mice. MOI, multiplicity of infection. Data are
expressed as the mean ± SEM (n = 3 independent experiments). ns, not significant. *p < .05, **p < .01, ***p < .001.
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F IGURE 8 Gsdmd overexpression abrogates the inhibitory effects of NRF2 on pyroptosis and inflammation in HepG2 cells. (A) HepG2
cells were transfected with Adv-Nrf2/Con or/and Lv-Gsdmd/Con, as indicated in the Methods. (B) The mRNA expression for pyroptosis
markers and inflammatory factor. (C) Western blots analysis for GSDMD, N-GSDMD, Pro-IL1β and IL1β. (D) IL1β protein levels in culture
medium. (E) LDH activity in the culture medium. (F) Flow cytometry for AnnexinV/PI—positive cells. Con, controls. Data are expressed as
the mean ± SEM (n = at least 3 independent experiments). ns, no significant. *p < .05, **p < .01, ***p < .001.

the complexity of NRF2 regulatory mechanisms. In this
study, we demonstrated how NRF2 inhibits HFD-induced
hepatocyte pyroptosis by binding to Gsdmd promoter and
suppressing GSDMD expression. Therefore, our results
provide a new insight into the mechanism by which NRF2

regulates metabolic disorders, contributing to a better
understanding of the multifaceted functions of NRF2 in
MAFLD.
In summary, our study revealed a new role for NRF2

in inhibiting hepatic glucose production and lipogenesis
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F IGURE 9 Gsdmd knockdown mitigates the increased pyroptosis in Nrf2−/− mice. (A) Schematic diagram of the study procedure.
Eight-week-old male WT and Nrf2−/− mice were injected with LV-shGsdmd/shCon via the tail vein and fed with HFD for −8 weeks. (B) H&E
and Oil-red-O staining in the liver. CV, central vein. (C) IF staining for F4/80 in the liver. (D) Hepatic mRNA expression for Gsdmd, Il18 and
Il1β. (E) Western blots analysis for GSDMD, N-GSDMD, Pro-IL1β and IL1β in the liver. (F) IF staining for IL1β in the liver. (G) Schematic
model; NRF2 binds to the Gsdmd promoter, inhibiting the GSDMD expression and thereby improving glucose/lipid metabolism and liver
steatosis. Con, control; HFD, high-fat diet. Data are expressed as the mean ± SEM (n = 3 mice or three independent experiments). *p < .05,
**p < .01, ***p < .001.

by inhibiting pyroptosis in the liver. These findings pro-
vide insights into themechanism bywhichNRF2 regulates
liver glucose/lipid metabolism. In addition, developing
drugs targeting NRF2 may offer an effective multi-target
approach for treating MAFLD, MASH and obesity.

This study has some limitations: (1) We have not per-
formed in-depth study on the molecular mechanisms
of glucose metabolism in the liver, necessitating further
investigation; (2) due to the small sample size in human
liver tissue, we did not analyse the correlation between
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NRF2 expression and other clinical features. Therefore,
further clinical cohort studies are needed. Finally, before
NRF2 is considered as a potential pathway for clinical treat-
ment of MAFLD and obesity, its protective effects need to
be further evaluated in large animal studies.
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