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∙ Hypoxia-inducible factor-1α (HIF-1α) upregulation under hypoxia promotes
mitochondrial fission/dysfunction viaMETTL3/IGF2BP3-mediated dynamin-
related protein 1 (Drp1) N6-methyladenosine methylation and enhances
glycolysis via lactate dehydrogenase A in both portal hypertensive gastropathy
and gastric cancer.

∙ Drp1-dependent mitochondrial fission/dysfunction and enhanced glycolysis
are associated with alterations in antioxidant enzyme activity and dysfunc-
tion of the mitochondrial electron transport chain, resulting in massive
mitochondrial reactive oxygen species (mtROS) production.
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∙ Massive mtROS production leads to NLRP3 inflammasome activation to
promote the development of gastric mucosal lesions.

∙ Hypoxia repair or targeting of the HIF-1α-related pathway may be effective
treatments for gastric mucosal lesions under hypoxic condition.
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Abstract
Introduction: Hypoxia is an important characteristic of gastric mucosal
diseases, and hypoxia-inducible factor-1α (HIF-1α) contributes to microenviron-
ment disturbance andmetabolic spectrum abnormalities. However, the underly-
ing mechanism of HIF-1α and its association with mitochondrial dysfunction in
gastric mucosal lesions under hypoxia have not been fully clarified.
Objectives: To evaluate the effects of hypoxia-induced HIF-1α on the develop-
ment of gastric mucosal lesions.
Methods: Portal hypertensive gastropathy (PHG) and gastric cancer (GC) were
selected as representative diseases of benign and malignant gastric lesions,
respectively. Gastric tissues frompatients diagnosedwith the above diseaseswere
collected. Portal hypertension (PHT)-inducedmousemodels inMETTL3mutant
or NLRP3-deficient littermates were established, and nude mouse gastric graft
tumourmodelswith relevant inhibitorswere generated. Themechanisms under-
lying hypoxic condition, mitochondrial dysfunction andmetabolic alterations in
gastric mucosal lesions were further analysed.
Results: HIF-1α, which can mediate mitochondrial dysfunction via upregu-
lation of METTL3/IGF2BP3-dependent dynamin-related protein 1 (Drp1) N6-
methyladenosinemodification to increasemitochondrial reactive oxygen species
(mtROS) production, was elevated under hypoxic conditions in human and
mouse portal hypertensive gastric mucosa and GC tissues. While blocking HIF-
1α with PX-478, inhibiting Drp1-dependent mitochondrial fission via mitochon-
drial division inhibitor 1 (Mdivi-1) treatment or METTL3 mutation alleviated
this process. Furthermore, HIF-1α influenced energy metabolism by enhancing
glycolysis via lactate dehydrogenase A. In addition, HIF-1α-induced Drp1-
dependent mitochondrial fission also enhanced glycolysis. Drp1-dependent
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mitochondrial fission and enhanced glycolysis were associated with alterations
in antioxidant enzyme activity and dysfunction of the mitochondrial electron
transport chain, resulting in massive mtROS production, which was needed for
activation of NLRP3 inflammasome to aggravate the development of the PHG
and GC.
Conclusions: Under hypoxic conditions, HIF-1α enhances mitochondrial dys-
function via Drp1-dependentmitochondrial fission and influences themetabolic
profile by altering glycolysis to increase mtROS production, which can trigger
NLRP3 inflammasome activation and mucosal microenvironment alterations to
contribute to the development of benign and malignant gastric mucosal lesions.

KEYWORDS
Drp1, gastric mucosal lesions, glycolysis, HIF-1α, METTL3, mitochondrial dysfunction,
mitochondrial fission, NLRP3

1 INTRODUCTION

Oxygen is essential for normal aerobic metabolism in
mammals. Hypoxia is characterised by impaired oxygen
delivery or uptake/utilisation and is related to disease pro-
gression, resistance to conventional therapies and poor
prognosis.1 Hypoxia is crucial to gastric mucosal lesions
and the development of gastric mucosal diseases, espe-
cially portal hypertensive gastropathy (PHG) and gastric
cancer (GC), may be related to alterations in the mucosal
microenvironment.2 PHG, a significant complication of
portal hypertension (PHT),3 is thought to be a vascular
illness with a convoluted aetiology induced by humoral
factors, splanchnic blood flow, regional abnormalities in
the control of vascular tone, etc.4,5 Currently, the associ-
ation between organic hypoxic conditions and alterations
in themicroenvironment of the gastric mucosa needs to be
clarified. Hypoxia-inducible factor-1α (HIF-1α), together
with HIF-1β, is a hypoxia-inducible factor that regulates
hypoxia-inducible genes.6,7 Functional studies revealed
that damage to the gastric mucosa occurs via the modu-
lation of HIF-1α signalling, which is especially involved in
GC.8 However, how increased HIF-1α levels, in response
to hypoxia in PHT and GC, lead to pathological changes in
the gastric mucosa remains to be determined.
Hypoxia leads to oxygen delivery and consumption

reduction in mitochondria, whereas anaerobic glycolysis
initiates in the face of impaired utilisation of oxygen.9 As
a transcription factor, HIF-1α also activates the expres-
sion of glycolytic genes and promotes glycolysis.10,11 It has
been reported that glycolytic enzymes promote stiffness-
induced angiocrine signalling, resulting in inflammation
and PHT and aggravating damage to the gastric mucosa.12
The roles of glycolysis, especially glycolytic metabolites, in

regulating themachinery of gastricmucosal lesions in PHT
and GC are still unclear.
The mitochondrion plays a central role in energy bal-

ance and associated redox systems for the regulation
of the eukaryotic epigenome.13,14 Stable mitochondrial
dynamics mainly refer to balanced mitochondrial fusion
and division to promote normal mitochondrial function.
However, excessive mitochondrial fission may cause mito-
chondrial morphological alterations and dysfunction.15
Dynamin-related protein 1 (Drp1) is a crucial regulator of
mitochondrial fission and assembles into an oligomeric
fission complex in the mitochondrial outer membrane.16
Notably, the rate-limiting enzyme pyruvate kinase M2
(PKM2) in glycolysis interacts with key mitochondrial
dynamics regulators to promote mitochondrial oxidative
phosphorylation.17 To a lesser extent, adenosine triphos-
phate (ATP) synthesis by glycolysis is critical for triggering
and maintaining mitochondrial fission activity.18 Mito-
chondrial fission can also shift glycolysis in different cell
types.19 Mitochondrial fission accelerates innermembrane
proton leakage and thus increases reactive oxygen species
(ROS) levels, which causes increased oxidative stress and
inflammation.20 Nevertheless, whether excessive glycoly-
sis and mitochondrial dysfunction under hypoxia result in
gastric mucosal lesion progression in PHT and GC has not
yet been fully evaluated.
In the present study, we showed that HIF-1α is upregu-

lated in the gastric mucosa in PHT and GC, indicating the
generality of hypoxia in gastric mucosal lesions. HIF-1α
activates METTL3-mediated N6-methyladenosine (m6A)
methylation of Drp1 in an IGF2BP3-dependent manner to
enhance mitochondrial fission and dysfunction, and HIF-
1α also influences energymetabolism by enhancing lactate
dehydrogenase A (LDHA)-mediated glycolysis. Moreover,
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Drp1-dependent mitochondrial fission and enhanced
glycolysis are associated with alterations in antioxidant
enzyme activity and dysfunction of the mitochondrial
electron transport chain (ETC), resulting in massive mito-
chondrial ROS (mtROS) production, and this increase in
mtROS activates the NLRP3 inflammasome to stimulate a
large release of inflammatory mediators to form an anoxic
and inflammatory microenvironment, which ultimately
promotes the development of PHG and GC. Thus, hypoxia
repair or targeting of the HIF-1α-related pathway may
be effective treatments for these gastric mucosal diseases
under hypoxic condition.

2 MATERIALS ANDMETHODS

2.1 Patient tissue samples

GC tissues were collected from six patients who under-
went radical gastrectomy at the Third Affiliated Hospital
of Sun Yat-Sen University. Prior to surgery, none of the
patients underwent chemotherapy or radiotherapy. The
Endoscopic Center of the Third Affiliated Hospital of Sun
Yat-Sen University provided gastric mucosal specimens
from 16 PHG patients (eight with hepatitis B virus-infected
liver cirrhosis and eight with portal vein occlusion [from
the cavernous transformation of the portal vein or portal
vein thrombosis without cirrhosis] without Helicobacter
pylori infection who had not yet undergone any therapeu-
tic intervention) and 16 uninvolved healthy volunteerswho
were undergoing regular healthy physical examination.
Tanoue’s three-category scheme served as the founda-
tion for the PHG classification.21 Prior to being used in
the study, all tissues were obtained with the informed
agreement of volunteers and patients, and the Hospital’s
Institute Research Ethics Committee approved the study
procedure (no. RG2023-032-01).

2.2 Mouse models

Six-week-old METTL3 wild-type (METTL3-WT) and
METTL3mutant (METTL3-Mut, strain no. T003080) mice
and NLRP3 wild-type (NLRP3-WT) and NLRP3 knock-
out (NLRP3-KO, strain no. T01087) mice on a C57BL/6
background were purchased from GemPharmatech.
CRISPR/Cas9 technology was used to edit the METTL3
gene in METTL3-Mut mice. Briefly, the METTL3 gene
has 15 transcripts. According to the structure of the
METTL3 gene, exon 2‒exon 3 of the METTL3-201 (ENS-
MUST00000022767.15) transcript is recommended as the
knockout region. First, the sgRNAwas transcribed in vitro,
and then the Cas9 and sgRNA were microinjected into the

zygotes of C57BL/6 mice. F0-positive mice were obtained
from transplanted zygotes and confirmed by polymerase
chain reaction (PCR) and sequencing. Finally, the F0-
positive generation mice were mated with C57BL/6 mice
to obtain a stable F1 generation mouse model. In addi-
tion, the phenotype is available on the Mouse Genome
Informatics website under the MGI number 1927165
(https://www.informatics.jax.org/marker/MGI:1927165).
The mice used in the experiments were all 6‒8-week-old
(18‒20 g) males, and they were then randomly divided into
two groups: the portal vein ligation (PVL) model group
and the shamoperation (SO, without PVL) group. The PVL
group was established using a PVL technique.22 Xenograft
tumours in nude mice were established by subcutaneous
injection of 5× 106 human GC cell line SGC7901 cells into
both flanks of 6-week-old male BALB/c athymic nude
mice. The data were recorded every 3 days after 1 week of
inoculation. After 30 days of implantation, the tumour tis-
sues were removed, and the tumour size and weight were
calculated. The tumour volume was calculated according
to the formula (.5 × length × width2). The Third Affiliated
Hospital of Sun Yat-Sen University and the Animal Care
and Protection Committee of South China Agricultural
University evaluated and authorised all experiments (no.
2022F122).

2.3 Drug treatment

For HIF-1α inhibition, mice were administered PX-478
(5 mg/kg, HY-10231, MedChemExpress) in phosphate-
buffered saline (PBS) solution by oral gavage every other
day, and the control mice received an equivalent amount
of PBS. For NLRP3 inhibition, mice were gavaged with
MCC950 (20mg/kg, HY-12815, MedChemExpress) or vehi-
cle (.9% NaCl) every day for 5 days/week. For Drp1 inhi-
bition, mice were given mitochondrial division inhibitor
1 (Mdivi-1) (20 mg/kg, dissolved in dimethyl sulfoxide
(DMSO), HY-15886, MedChemExpress) intraperitoneally,
and the control mice were injected with the same vol-
ume of DMSO. For ROS scavenging, mice were intraperi-
toneally injected with mito-TEMPO (MT, dissolved in
PBS, 10 mg/kg, HY-112879, MedChemExpress) every other
day, and the mice in the control group were given an
equal volume of PBS intraperitoneally.

2.4 Sample collection

For histological analysis, stomach specimens from healthy
volunteers, PHG patients and GC patients were fixed, and
xenograft tumour mouse specimens were processed sim-
ilarly. For PHT models, the stomach was harvested for
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histological analysis. The lesser curvature was longitudi-
nally opened and mucosal layers were collected from the
slides. The gastric injury indexes of themousemodelswere
analysed as previously described23: 0, normal; 1, mucosa
with erosion; 2, mucosa with ulcers (<1 mm); 3, mucosa
with ulcers (1‒2mm); 4,mucosawith ulcers (3‒4mm); and
5, mucosa with ulcers (>5 mm).

2.5 Histopathological staining

The harvested gastric mucosal tissues or GC tissues were
fixed.22 The slides were incubated with the corresponding
antibodies against METTL3 (ab195352, Abcam), HIF-
1α (sc-13515, Santa Cruz), 4-hydroxynonenal (4-HNE,
ab46545/ab48506, Abcam), Drp1 (8570S/ab156951, Cell
Signalling Technology/Abcam), Ki67 (ab16667, Abcam),
IGF2BP3 (14642-1-AP/ab177477, Proteintech/Abcam),
LDHA (19987-1-AP, Proteintech) and NLRP3 (ab263899,
Abcam). Immunofluorescence (IF) staining of the sam-
ples was performed using primary antibodies against
Fis1 (A5821, ABclonal), Drp1 (8570S/ab156951, Cell Sig-
nalling Technology/Abcam), METTL3 (ab195352, Abcam),
TOMM20 (ab186735/ab283317, Abcam), cytokeratin 18
(CK18, GTX105624, GeneTex), IGF2BP3 (14642-1-AP,
Proteintech), NLRP3 (ab263899, Abcam) and interleukin
(IL)-1β (ab283818, Abcam). For double IF staining, a
secondary targeted protein was examined after the initial
protein detection stage. Nuclei were counterstained with
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI).
Gastric sections were utilised for hypoxic status analysis
with a Hypoxyprobe-1 kit (Hypoxyprobe, Inc.). Transmis-
sion electron microscopy (TEM, Hitachi, H-800) was used
to examine gastric tissues or cell samples from a randomly
selected pool of five fields. The length, width and area of
the mitochondria were measured by ImageJ.

2.6 Primary cell isolation and
experiments

GES-1 cells (human gastric epithelial cell line) and
SGC7901 cells were used. Primary gastric epithelial cells
from the mouse models were isolated via collagenase
perfusion as previously described23 and cultured. To
observe the phenotype of the transient transfectants,
Lipofectamine 2000 was used to knockdown IGF2BP3
(shIGF2BP3, sc-60846-SH, Santa Cruz) and METTL3
(shMETTL3, sc-92172-SH, Santa Cruz). To overexpress
HIF-1α, HIF-1α-Vector (as HIF-1α) or vector (as Vector)
plasmids were transfected into GES-1 or SGC7901 cells.

2.7 Confocal microscopy

For Mito-Tracker staining, cells treated with 400 nMMito-
Tracker Red CM-H2XRos (40740ES50, Yeasen) were fixed
and permeabilised.Mitochondrial fragmentation andmor-
phology were analysed by using ImageJ software. For IF
staining, the cells were incubated with primary antibodies
overnight at 4◦C, followed by incubation with the appro-
priate secondary antibody labelled with Alexa 488 or Alexa
594, as well as DAPI. Finally, analyses were performed
using a Zeiss LSM880/800 confocal microscope.

2.8 Western blotting and
coimmunoprecipitation

The following antibodies were incubated: anti-HIF-1α
(sc-13515, Santa Cruz), anti-Histone H3 (17168-1-AP,
Proteintech), anti-Drp1 (8570S/ab156951, Cell Signalling
Technology/Abcam), anti-Fis1 (A5821, ABclonal), anti-
Mff (17090-1-AP, Proteintech), anti-Mid49 (28718-1-AP,
Proteintch), anti-Mid51 (20164-1-AP, Proteintch), anti-
mitofusin 1 (Mfn1; 13798-1-AP, Proteintech), anti-mitofusin
2 (Mfn2; A12771, ABclonal), anti-optic atrophy 1 (OPA1;
A9833, ABclonal), anti-4-HNE (ab46545/ab48506, Abcam),
anti-Ki67 (ab16667, Abcam), anti-METTL3 (ab195352,
Abcam), anti-IGF2BP3 (14642-1-AP, Proteintech), anti-
NLRP3 (ab263899, Abcam), anti-hexokinase-2 (HK2;
ab209847, Abcam), anti-PKM2 (A20991, ABclonal), anti-
LDHA (19987-1-AP, Proteintech), anti-NADH ubiquinone
oxidoreductase subunit A9 (NDUFA9; 20312-1-AP,
Proteintech), anti-succinate dehydrogenase complex
flavoprotein subunit A (SDHA; 14865-1-AP, Proteintech),
anti-cytochrome b (Cyt b; 55090-1-AP, Proteintech), anti-
cyclooxygenase I (COX I; ab133319, Abcam), anti-alpha
subunit of ATP synthase (ATP5A; ab176569, Abcam),
anti-Cleaved caspase-3 (ab32042, Abcam), anti-Caspase-
1 (A0964/ab207802, ABclonal/Abcam), anti-mixed
lineage kinase domain-like (MLKL, 66675-1-IG, Pro-
teintch), anti-p-MLKL (ab196436, Abcam), anti-IL-1β
(ab283818, Abcam), anti-IL-18 (10663-1-AP, Protein-
tech), anti-GSDMD (ab219800/AF4012, Abcam/Affinity),
anti-ferritin heavy chain (FTH, ab75973, Abcam) and
anti-ferritin light chain (FTL, ab109373, Abcam) antibody.
β-Actin (sc-47778, Santa Cruz) or Histone H3 (A2348,
ABclonal, for nucleus) was used as an internal control.
The results were analysed by ImageJ.22,24 Coimmunopre-
cipitationwas performed using aKit (Thermo Scientific).25
The following antibodies (4 µg, as shown above) were
used: Fis1 (A5821, ABclonal) and Drp1 (8570S/ab156951,
Cell Signalling Technology/Abcam).
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2.9 ATPmeasurement

Gastric tissues were collected according to previous meth-
ods, and ATP levels in gastric tissue sections were
measured using a kit (Beyotime Biotechnology). Twenty
microlitres of the supernatant was mixed with 100 µL of
luciferase reagent, and the ATP concentrations in the tis-
sues were measured by the luminescence of each sample
via microtitre plate photometry. The ATP level is based on
a standard curve of ATP.

2.10 Luciferase reporter gene assay

The target promoters METTL3 or LDHA were inserted
in front of the luciferase reporter gene to construct
the reporter plasmid. The plasmids that could overex-
press HIF-1α (plasmid pcDNA3.1-HIF-1α-Vector [as HIF-
1α-Vector] or pcDNA3.1-vector [as Vector]) were cotrans-
fected with the reporter plasmid into GES-1 or SGC7901
cells. Luciferase activity was measured with a kit (RG028,
Beyotime Biotechnology).25

2.11 Energy metabolism analysis

Energy metabolism analysis was performed by Shanghai
Metabo-Profile Corporation. Energy metabolism in iso-
lated primary gastric epithelial cells was detected and anal-
ysed via a targeted metabolism technology platform (ultra
performance liquid chromatography-triple quadrupole
mass spectrometry, UPLC-MS/MS). The raw data were fur-
ther processed using MassLynx (V4.1, Waters) and iMAP
software (V1.0, Metabo-type Spectrum Biotechnology).

2.12 Microarray analysis

Total RNA was extracted, purified and amplified to gen-
erate Cy3dCTP-labelled cDNA, and the purified double-
stranded cDNA product was eluted according to the
instructions and evaporated under vacuum.Afterward, the
transcription reaction was carried out with a T7 enzyme
mixture at 37◦C for 14 h.25 An Agilent hybridisation oven
was used to complete array hybridisation overnight. The
data were log2 transformed and hierarchically clustered
using the Adjust Data function of the CLUSTER 3.0 soft-
ware. Tree visualisation was done using Java TreeView
(Stanford University School of Medicine).23

2.13 Methylated RNA
immunoprecipitation sequencing

Methylated RNA immunoprecipitation sequencing
(MeRIP-seq) was performed using a kit (NEB) from
Guangzhou Huayin Medical Laboratory Center. Briefly,
the fragmented RNA was incubated with a m6A antibody
and immunoprecipitated (NEB). mRNAs containing
m6A were enriched and subjected to high-throughput
sequencing and validation.

2.14 Separation of the cytoplasm and
mitochondria

The mitochondria from the gastric mucosal epithelial
cells were lysed on ice with Cellular Mitochondrial Iso-
lation Buffer according to the instructions of the Cellular
Mitochondrial Isolation Kit (ab110170, Abcam). The mito-
chondria and cytoplasm were centrifuged (600 × g, 15 min
at 4◦C, then 11 000 × g, 10 min at 4◦C). The pellet (the
mitochondrial fraction) was collected and resuspended
in mitochondrial lysis buffer for further analysis. Subse-
quently, the cytosolic fraction was obtained at 12 000 × g
(15 min, 4◦C).

2.15 Determination of oxidative stress

The ROS levels were measured with a kit (Beyotime
Biotechnology). 2,7-Dichlorodihydrofluorescein diacetate
was used to incubate the cells and then examined by
fluorescence spectrophotometer. Malondialdehyde (MDA)
levels were measured by an MDA assay kit (Abcam,
ab118970). MitoSox (Thermo Fisher) was observed with a
fluorescencemicroscope (Imager Z2, Zeiss). The cells were
incubated with 1.0mL of 5 µMMitoSox. Hoechst 33258 was
used to stain the nuclei.
JC-1 fluorescence test kit (Beyotime Biotechnology) was

used to test themitochondrialmembrane potential (ΔΨm).
For the green JC-1 monomers, images were examined at
490 nm excitation and 530 nm emission, and for the red JC-
1 aggregates, images were examined at 540 nm excitation
and 590 nm emission.
In order to measure oxidised mitochondrial DNA

(ox-mtDNA), mtDNA was purified using an AllPrep
DNA/RNA Mini Kit (Qiagen). Next, the 8-hydroxy-2’-
deoxyguanosine (8-OHdG) content of the mtDNA (mt
8-OHdG) was measured (Cell Biolabs).
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2.16 Ca2+ concentration detection and
enzyme-linked immunosorbent assay

The intracellular Ca2+ concentration ([Ca2+]i) was
measured by Fluo-3AM (a fluorescent Ca2+ indicator,
ab145254, Abcam) and the mitochondrial Ca2+ concentra-
tion ([Ca2+]m) was examined by Rhod-2AM (a fluorescent
Ca2+ indicator, ab142780, Abcam). The fluorescence
signals were detected with a Leica STELLARIS STED
confocal microscope. The concentrations of IL-1β and
IL-18 were measured (R&D Systems).

2.17 Flow cytometry analysis

Fluorochrome-labelled antibodies were utilised. After
labelling the cells with an anti-NLRP3 antibody (ab263899,
Abcam), PBS was washed and FlowJo V.X software was
utilised to examine the fluorescence, and data were
obtained using a BD LSRFortessa cytometer.

2.18 Seahorse assay

To overexpress HIF-1α, GES-1 cells were transfected with
HIF-1α-Vector (HIF-1α) or vector (Vector) plasmids (Ribo-
Bio Co). The transfection medium was replaced with
regular culture medium after 1 day of incubation. For Drp1
inhibition, GES-1 cells and SGC7901 cells were treatedwith
10 µM Mdivi-1 (HY-15886, MedChemExpress) after trans-
fection. We measured mitochondrial respiration (oxygen
consumption rate,OCR) and the glycolytic rate (extracellu-
lar acidification rate, ECAR) by using the Cell Mito Stress
TestKit (103015-100,Agilent) and theGlycolytic RateAssay
Test Kit (103710-100, Agilent), respectively. The OCR is a
key parameter for characterising mitochondrial function,
and its values were determined by a Seahorse XF96 extra-
cellular flux analyser. We added 1.5 µmol/L oligomycin,
2 µmol/L carbonyl cyanide-4 (trifluoromethoxy) phenyl-
hydrazone and .5 µmol/L rotenone/antimycin A (Rot/AA)
to the culture plate. Finally, the maximal respiration and
nonmitochondrial respiration values were recorded. For
the glycolytic rate test, after the baseline ECAR was mea-
sured, .5 µmol/L Rot/AA and 50 mmol/L 2-deoxyglucose
were added sequentially. The glycolytic levels of the cells
were determined by the glycoPER value. After treatment,
Dulbecco’s Modified Eagle Medium (DMEM, pH 7.4,
103575-100, Agilent) was preheated in a 37◦C water bath.
The culture medium (pH 7.4) contained glucose, pyruvate
and glutamine, and the cells were subsequently incubated

without CO2 (1 h, 37◦C) and finally tested on a Seahorse
XF96 extracellular flux analyser.

2.19 RNA immunoprecipitation (RIP)
and chromatin immunoprecipitation
(ChIP) assays

The assay was performed using a kit (Geneseed, P0101).
Briefly, protein A/G magnetic beads and cell lysates sup-
plemented with RNase inhibitor were incubated with
anti-IGF2BP3 (Abcam, ab177477) and anti-IgG through-
out the night. Then, the RNA‒protein complexes were
washed and proteinase K digestion buffer was added to
remove the proteins. Finally, RNA was extracted for qPCR
analysis. The relative enrichment was normalised to the
input as follows: %Input = 1/10× 2Ct[IP] ‒ Ct[input]. Agarose
electrophoresis assay for quantifyingRNA‒protein interac-
tions. ChIP assay was performed following the instruction
of the kit (Cell signaling Technology). The ChIP-enriched
DNA was applied for real-time PCR assay, and the data
were normalized to the values of the same input sample.

2.20 Public data analysis

Gene expression profile data comparing GC tissues
(n= 300) to normal gastric tissues (n= 100) were provided
by the GEO (https://www.ncbi.nlm.nih.gov/geo/). After
excluding samples without clinical information, analysis
of the GSE66229 dataset revealed METTL3 levels in nor-
mal and tumour tissues. RNA sequencing (RNA-seq) data
from 375 gastric tumour sections and 32 gastric normal tis-
sue samples were also acquired from The Cancer Genome
Atlas (TCGA) (https://portal.gdc.cancer.gov). The differ-
ence in METTL3 expression between tumour and normal
tissues was determined with GraphPad Prism.

2.21 Statistical analysis

All the experiments were repeated at least three times, and
different representative specimens are presented for the
related images or bands in the current experiments. The
results are expressed as the means± standard errors of the
means. Student’s two-tailed paired t-test, one-way analysis
of variance (ANOVA) (more than two groups of data, sin-
gle factor) or two-way ANOVA (more than two groups of
data, two factors)with repeatedmeasures followed byBon-
ferroni’s comparison post hoc test, and post hoc tests were

https://www.ncbi.nlm.nih.gov/geo/
https://portal.gdc.cancer.gov
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run only if F achieved p< .05 were carried out. p< .05 was
considered to indicate statistical significance.

3 RESULTS

3.1 HIF-1α is involved in mitochondrial
dysfunction under hypoxia in both PHG
and GC

To evaluate the hypoxic environment of the gastric mucosa
in PHT, gastric mucosal tissues from patients clini-
cally diagnosed with PHG were collected, and a PHT
mouse model was established. The results showed that
PHT caused extensive erythema, hyperaemia, oedema
and inflammatory infiltration of the gastric mucosa
(Figure 1A). Moreover, positive signals of hypoxyprobe-
1 indicated hypoxia in the gastric mucosa of PHT mice
(Figure 1A). Further immunohistochemical staining indi-
cated that HIF-1α was elevated in both human and mouse
portal hypertensive gastric mucosal tissues and was posi-
tively correlated with the severity of PHG and the gastric
injury index of PHT mice (Figure 1B). As a transcrip-
tion factor, the increased expression of HIF-1α in the
gastric mucosa was mainly concentrated in the nucleus
rather than in the cytoplasm (Figure 1C,D). In addition
to identifying benign gastric disease, to further deter-
mine the hypoxic condition in malignant gastric mucosal
lesions, we collected clinical GC tissues and established
a SGC7901 mouse gastric graft tumour model, and the
related results revealed similar changes in hypoxia and
localised nuclear expression of HIF-1α in cancerous tis-
sues but not in normal gastric mucosa (Figure 1E‒G).
Transcriptomic sequencing of human normal and PHG
patients tissues revealed that the expression of many
genes was aberrant under PHT and that mitochondrial
dysfunction- and oxidative stress-related pathways were
enriched (Figure 1H). TEM revealed mitochondrial dam-
age and morphological changes, and ROS and 8-OHdG
assays in primary gastric mucosal epithelial cells sug-
gested that PHT enhanced mitochondrial oxidative stress
(Figure 1I). Moreover, Mito-Tracker and MitoSox probes
showed an increase in mitochondrial network structure
alterations and oxidative stress activation in primary cells
from portal hypertensive gastric mucosa (Figure 1J). Alter-
ations in mitochondrial network structure and MitoSox
signalling were also observed in primary GC cells (Figure
S1A). HIF-1α overexpression in GES-1 cells also induced
abnormal mitochondrial morphology, decreased mem-
brane potential, disturbed mitochondrial Ca2+ homeosta-
sis and enhanced oxidative stress, suggesting changes in
mitochondrial dysfunction (Figures 1K and S1B,C). In
addition, MitoSox detection revealed that increased oxida-

tive stress in cancerous tissues from SGC7901 mouse
gastric graft tumour models (Figure S1D). Therefore, HIF-
1α is involved in the mitochondrial dysfunction of gastric
mucosal lesions in PHT and GC under hypoxia.

3.2 HIF-1αmediates mitochondrial
dysfunction via Drp1-dependent
mitochondrial fission

To further determine the role of hypoxia and HIF-1α in
gastric mucosal lesions, PX-478 (a HIF-1α inhibitor) was
used. TEManalysis and 4-HNE staining demonstrated that
PX-478 alleviated PHT-mediated mitochondrial dysfunc-
tion and oxidative stress in the gastric mucosa (Figure 2A).
Mito-Tracker fluorescence of primary gastric mucosal
epithelial cells also revealed changes in mitochondrial
morphology caused by PHT, and PX-478 reversed these
changes and decreased ROS production (Figure 2A,B).
Mitochondrial fusion and fission are essential for stable
mitochondrial function. Subsequently, we found that the
mitochondrial division-driven proteins Drp1 and Fis1 were
significantly upregulated in PHT-induced gastric mucosal
injury and decreased in response to PX-478 (Figure 2C,D).
In gastric tissues and primary gastric mucosal epithelial
cells from the PHT-induced model, double IF staining
showed increased colocalisation of Drp1 and Fis1, and
IP further highlighted that this interaction was concen-
trated in mitochondria (Figure 2C,E). Drp1 expression
(Drp1 area: 6.17% in normal tissues vs. 26.50% in GC tis-
sues) was also increased in GC tissues and was associated
with enhanced cell proliferation (Ki67 index: 12.50% in nor-
mal tissues vs. 43.33% in GC tissues) (Figure S2A,B). In
the established gastric tumour mouse models, we found
that PX-478 reduced tumour size (average tumour size:
14.65 mm in SGC7901 xenograft mouse models without
PX-478 vs. 8.45 mm in those with PX-478) and tumour
weight (5.25% in SGC7901 xenograft mouse models with-
out PX-478 vs. 2.82% in those with PX-478) (Figures 2F
and S2C), and PX-478 repressed the expression of Drp1
and blocked the interaction between Drp1 and Fis1 in
mitochondria (Figures 2G–H). The recruitment of Drp1
by adaptors at mitochondrial constriction sites controls
the mitochondrial fission. Drp1 oligomerisation followed
by mitochondrial constriction increases mitochondrial
fission.26 Fis1 oligomers can promote oligomerisation of
the mitochondrial adaptor Mid51 to drive Drp1 oligomeri-
sation in mitochondria.27 Drp1 oligomerisation can regu-
late its binding to Mid49, Mid51 and Mff. Moreover, Mff
oligomerisation is needed in cells for Drp1 recruitment and
mitochondrial fission.28 Based on the important role of
protein oligomerisation in mitochondrial fission, we also
analysed the oligomeric state of Drp1, Fis1, Mff, Mid49,
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Mid51, Mfn1, Mfn2 and OPA1 in gastric mucosal lesions
in PHT and found that PHT affected the oligomeric state
of Drp1 and Fis1 in gastric epithelial cells from the mouse
model, facilitating Drp1 and Fis1 oligomerisation (Figure
S3A). Moreover, the oligomerisation of Mff, Mid49 and
Mid51 in the epithelial cells of the PHT mouse model
was slightly increased rather than that of Mfn1, Mfn2 and
OPA1 (Figure S3A). We also found that the oligomeric
states of Drp1 and Fis1 were affected in cells isolated
from SGC7901 xenograft mice and decreased by PX-478
treatment via utilising SGC7901 xenograft mouse mod-
els (Figure S3B). Although oligomerisation of Mff, Mid49,
Mid51, Mfn1 and Mfn2 was also observed in cells iso-
lated from SGC7901 xenograft mice, their oligomeric states
were not significantly influenced by PX-478 treatment
(Figure S3B). These findings revealed that enhanced Drp1
and Fis1 oligomerisation contributes to HIF-1α-regulated
mitochondrial fission in both PHT and GC.
Then, we used Mdivi-1 (an inhibitor of Drp1) to clar-

ify the effect of Drp1-mediated mitochondrial fission and
found that Mdivi-1 alleviated gastric mucosal injury and
oxidative stress (as indicated by the MDA and 4-HNE lev-
els) in PHT-mediated gastric mucosa, although TOMM20
analysis revealed no significant change in the total mito-
chondrial area (Figure 2I,J). Moreover, Mdivi-1 also allevi-
ated GC cell proliferation (Ki67 index: 40.50% in SGC7901
xenograft mouse models without Mdivi-1 vs. 20.17% in
those with Mdivi-1) and oxidative stress (4-HNE area:
18.67% in SGC7901 xenograftmousemodelswithoutMdivi-
1 vs. 10.00% in those with Mdivi-1) in SGC7901 mouse
models (Figure S2D). In summary, HIF-1α inhibition alle-
viates mitochondrial oxidative stress and dysfunction by
alleviating Drp1-mediated mitochondrial fission, which
can relieve the development of PHG and GC.

3.3 Drp1 expression is regulated by
METTL3-mediated m6Amodification

m6A methylation plays important roles in various dis-
eases. To understand the effects of m6A modification on
PHT-related gastricmucosal injury,mouse gastricmucosal
tissues from the SO and PVL groups were isolated for
MeRIP-seq analysis. The data indicated that the m6A level
in the PHT group was obviously different from that in the
SO group (Figure 3A), and the distributions of the methy-
lated peaks and differentially modified genes were mainly
close to the 3′UTRs of the RNA structures and gene func-
tional elements (Figure 3B–D). The m6A level of Drp1 was
5.6-fold higher in the PHT group comparedwith that in the
SO group, and the m6A consensus sequence AGUUCGAC
motif was enriched within m6A sites in the immunop-
urified RNA, indicating the importance of Drp1 m6A
modification in portal hypertensive gastric mucosal injury
(Figure 3E,F). The expression of the methyltransferase
METTL3, the key ‘writer’ of m6A modification, which is
closely related to the severity of PHG, was increased in
damaged gastric mucosal tissues in PHG (Figure 3G,H).
Moreover, upregulatedMETTL3 was also confirmed in GC
tissues (Figure 3I). The expression ofMETTL3mRNA was
significantly higher in GC tissues than in normal tissues
in the published clinical datasets TCGA and GSE66229
(Figure S4A). Furthermore, we found that PX-478 sup-
pressedMETTL3 expression inmouse gastric graft tumour
models and in the gastric mucosa of mice with PHT
(Figure 3J,L). HIF-1α overexpression in GES-1 cells also
promoted METTL3 expression (Figure 3K). HIF-1α was
predicted to bind to the METTL3 promoter to activate
its transcription (Figure 3M), and dual-luciferase assays
in GES-1 and SGC7901 cells revealed that the METTL3

F IGURE 1 Hypoxia-inducible factor-1α (HIF-1α) is involved in mitochondrial dysfunction under hypoxia in both portal hypertensive
gastropathy (PHG) and gastric cancer (GC). (A) Panel on the left: representative gastric endoscopic image and haematoxylin and eosin (H&E)
staining of the gastric mucosa of PHG patients compared to that of uninvolved healthy individuals. Right panel: gross image and
Hypoxyprobe-1 immunohistochemical (IHC) staining (brown) of the gastric mucosa in portal hypertension (PHT) induced by portal vein
ligation (PVL) compared to that in sham operation (SO). n = 6 per group. (B) HIF-1α IHC staining (brown) and HIF-1α area (%) were
presented. The percentage of the HIF-1α-positive area corresponding to PHG severity and the gastric injury index of PHT was also analysed.
n = 6 per group. *p < .05, #p < .05 versus the group with a gastric injury index of 0. (C) Western blotting showing HIF-1α expression in the
cytosol and nucleus in the indicated groups. (D) The densitometry units of HIF-1α/β-actin and HIF-1α/Histone3 from (C). n = 6 per group,
*p < .05, NS: not significant. (E) Images of H&E and Hypoxyprobe-1 staining (brown) of the indicated gastric mucosa sections. n = 6 per
group. (F) Representative images of HIF-1α IHC staining (brown) of normal and GC tissues. (G) Immunoblot analyses of HIF-1α in the cytosol
and nucleus of normal and GC tissues. The ratios of densitometry units of HIF-1α/β-actin and HIF-1α/Histone H3 were analysed. n = 6 per
group. *p < .05, NS: not significant. (H) Volcano plot of differentially expressed genes in the PHG groups compared with those in the
uninvolved groups. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of signalling pathways according to the RNA
sequencing assay. n = 3 in each group. (I) Ultrastructural features identified by transmission electron microscopy (TEM) in the uninvolved
and PHG groups. The quantified mitochondrial area and the ratio of mitochondrial length to width were measured. The levels of reactive
oxygen species (ROS) and mitochondrial 8-OHdG (mt 8-OHdG) in primary gastric epithelial cells were shown (lower panel). n = 6 per group.
*p < .05. (J and K) Mito-Tracker (red) and MitoSox (red) staining of the indicated groups. Nuclei (blue) were counterstained with
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) or Hoechst. The histogram presented the ratio of mitochondrial fragmentation and
MitoSox intensity. n = 6 per group. *p < .05.



10 of 28 XIAO et al.



XIAO et al. 11 of 28

reporter was activated by HIF-1α. ChIP assays further
showed that HIF-1α could directly bind to the METTL3
promoter (Figure 3M). In this study, METTL3-mediated
m6A methylation of Drp1 is involved in the pathogenesis
of gastric mucosal lesions under HIF-1α-related hypoxic
condition.

3.4 METTL3 mutation rescues
mitochondrial function by inhibiting
Drp1-induced mitochondrial fission

METTL3-Mut mice were further constructed to investi-
gate the effects of METTL3-mediated m6Amodification of
Drp1 on mitochondrial dysfunction and gastric mucosal
lesions. Genotyping of METTL3-WT and METTL3-Mut
mice was performed by analysing genomic DNA from tail
snips (Figure 4A), and METTL3 expression in the gastric
mucosa of METTL3-Mut mice was lower than that in the
gastric mucosa ofMETTL3-WT mice (Figure 4B). MitoSox
probing and 4-HNEdetection revealed thatMETTL3muta-
tion reduced PHT-induced mitochondrial oxidative stress
and gastric injury in the gastric mucosa (Figure 4C,D).
As a consequence, the localised expression of Drp1 in
the gastric mucosal epithelial cells from PHT mice was
decreased by METTL3 mutation (Figure 4E). Consis-
tently, the Drp1 m6A level and protein expression were
inhibited in theMETTL3mutational group after PHTmod-
elling (Figure 4F). In vitro, HIF-1α-induced changes in
Drp1 and 4-HNE were reversed by METTL3 knockdown
(shMETTL3 transfection) in GES-1 cells, accompanied by
decreased mitochondrial oxidative stress and ROS produc-
tion (as detected by 4-HNE, ROS levels and mt 8-OHdG)
(Figure 4G). Moreover, by analysing GC cells isolated
from SGC7901 mouse gastric graft tumour models, we
also found that METTL3 knockdown had a similar effect
(Figure 4H). Hence,METTL3mutation inhibits Drp1 m6A

modification and expression, which can alleviate Drp1-
induced mitochondrial fission to rescue mitochondrial
function.

3.5 METTL3 regulates Drp1 m6A
modification and expression in an
IGF2BP3-dependent manner

M6A methylation modifies downstream genes in a
‘Reader’-dependent manner (Figure 5A). After searching
our MeRIP-seq data, we found that the expression of the
‘Reader’ gene IGF2BP3 exhibited the most significant dif-
ference and the highest upregulation ratio in PHT-induced
gastric mucosa compared to those in uninvolved healthy
gastric mucosa (Figure 5A,B). Upregulated expression of
IGF2BP3 was also confirmed in portal hypertensive gastric
mucosa tissues and GC tissues from human and mouse
samples (Figure 5C–E). Double IF staining revealed that
Drp1 colocalised with IGF2BP3 in GC tissues, suggesting
that m6Amethylation of Drp1 might occur in an IGF2BP3-
dependent manner (Figure 5F). IGF2BP3 knockdown
by shRNA inhibited Drp1 expression in primary gastric
mucosal epithelial cells isolated from the PHT group and
in GC cells isolated from SGC7901modelmice (Figure 5G).
HIF-1α overexpression-mediated Drp1 upregulation was
also reversed by IGF2BP3 knockdown (Figure 5H). We
analysed tissues from human samples and mouse models,
and agarose electrophoresis and RNA immunoprecipita-
tion (RIP)-qPCR assays demonstrated that IGF2BP3 could
significantly bind to Drp1mRNA in gastric epithelial cells
isolated from PHG patients and PHT mice (Figure 5I,J).
Moreover, RIP-qPCR analysis revealed that IGF2BP3
had a dramatically reduced affinity for Drp1 mRNA
in METTL3-silenced (shMETTL3-transfected) SGC7901
cells but not in SGC7901 cells without shMETTL3 trans-
fection (Figure 5K). Additionally, direct interaction

F IGURE 2 Hypoxia-inducible factor-1α (HIF-1α) mediates mitochondrial dysfunction via dynamin-related protein 1 (Drp1)-dependent
mitochondrial fission. (A) Transmission electron microscopy (TEM), 4-hydroxynonenal (4-HNE) (brown) and Mito-Tracker (red) analyses of
the indicated gastric sections or primary cells from the sham operation (SO) and portal hypertension (PHT) groups that received or those did
not receive PX-478 treatment. (B) The quantified mitochondrial area and the ratio of mitochondrial length to width were measured by TEM.
The degree of mitochondrial fragmentation and the levels of reactive oxygen species (ROS) were also analysed. n = 6 per group. *p < .05
versus SO mice, #p < .05 versus PHT mice without PX-478 treatment. (C) Immunoblot analysis of mitochondrial fission and fusion proteins.
Coimmunoprecipitation (Co-IP) and double immunofluorescence (IF) staining analyses of the interaction between Drp1 and Fis1. n = 6 per
group. (D) The histogram showed the densitometry units of Drp1/β-actin and Fis1/β-actin from (C). n = 6 per group. *p < .05 versus SO mice,
#p < .05 versus PHT mice without PX-478 treatment. (E) Co-staining for Drp1 (red) and Fis1 (green) in isolated primary cells under a confocal
microscope. Nuclei (blue) were counterstained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). (F) Gross appearance and Drp1
staining of gastric tumour tissues from the indicated groups treated with or without PX-478. (G) Interactions between Drp1 and Fis1 in
mitochondria were analysed by Co-IP. (H) Co-staining of Drp1 (red) and TOMM20 (green) was shown, and nuclei (blue) were counterstained
with DAPI. (I) Haematoxylin and eosin (H&E), 4-HNE (brown) and TOMM20 (red) staining of gastric mucosal tissues from the indicated
mouse models. (J) The gastric injury index, 4-HNE area (%), malondialdehyde (MDA) levels and TOMM20 area (%) from (I) were presented.
n = 6 per group. *p < .05 versus SO mice, #p < .05 versus PHT mice without mitochondrial division inhibitor 1 (Mdivi-1) treatment.
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between IGF2BP3 and Drp1 mRNA was observed in
HIF-1α-transfected GES-1 cells but was hardly detected in
vector-transfected GES-1 cells (Figure 5L). These findings
indicated a crucial role for IGF2BP3 in facilitating HIF-
1α/METTL3-mediated Drp1 m6A methylation. Generally,
we concluded that HIF-1α/METTL3-mediated changes in
Drp1 m6A methylation and expression are dependent on
IGF2BP3.

3.6 HIF-1α influences the metabolic
profile and enhances glycolysis via LDHA

Metabolic disorders are common in most diseases. Based
on our RNA-seq data and validation in gastric mucosa
from patients with PHG and healthy volunteers, we found
that multiple genes related to glycolysis, especially LDHA,
PKM2 and HK2, were elevated in the PHG (Figure 6A,B).
Furthermore, the levels of these key glycolytic enzymes
were also elevated in PHT model mice but were reversed
by PX-478 (Figure 6B,C). The ATP levels in the gastric
mucosa of PHT model and PHG were decreased, but
this decrease could be reversed by PX-478 in PHT model
(Figure 6B). Elevated levels of LDHA, the most altered
glycolytic enzyme, were measured in gastric mucosal tis-
sues from clinical PHG patients and PHTmodel mice, and
this increase could be repressed by PX-478 in these mouse
models (Figure 6D). In addition, metabolic analysis of pri-
mary gastric mucosal epithelial cells from SO or PHTmice
was performed. Amino acid, carbohydrate and organic
acid pathways were noted, and organic acid metabolism
showed meaningful enrichment (Figure 6E,F). More pre-
cisely, lactic acid was apparently elevated in the gastric
mucosa of PHT model, which was consistent with active
glycolysis (Figure 6G,H). Additionally, elevated LDHA lev-

els and lactic acid production were found in the GC
and SGC7901 mouse models, and PX-478 alleviated these
changes in the SGC7901mousemodel (Figure 6I). Interest-
ingly, dual-luciferase and ChIP assays showed that HIF-1α
could also directly bind to the LDHA promoter and acti-
vate its expression (Figure 6J). Thus, HIF-1α enhances
glycolysis under hypoxia via LDHA in gastric mucosal
diseases.

3.7 Blocking Drp1-dependent
mitochondrial fission represses glycolysis

We also investigated whether Drp1-dependent mitochon-
drial fission affects glycolytic process in gastric epithe-
lial cells. The expression of the glycolytic proteins HK2,
PKM2 and LDHA and the lactic acid concentration
were obviously increased in the epithelial cells of PHT
mice (Figure 7A), while HK2 and LDHA expression and
the lactic acid concentration were decreased by Mdivi-1
(Figure 7A). The ATP production was improved and ROS
levels were decreased byMdivi-1 in primary epithelial cells
from PHT models (Figure 7B). We found that nonmito-
chondrial oxygen consumption and maximum respiration
were reversed by Mdivi-1 in cells isolated from SGC7901
mouse gastric graft tumour models by detecting the OCR
value (Figure 7C). The glycolytic rate determined by the
ECAR level was also analysed, and compensatory and
basal glycolysis were found to be decreased in cells isolated
from SGC7901 tumour model mice treated with Mdivi-1
(Figure 7C). The HK2, PKM2 and LDHA levels and the
lactic acid concentration were also increased in HIF-1α-
transfected GES-1 cells but were obviously decreased by
Mdivi-1 (Figure 7D). Mdivi-1 also enhanced ATP produc-
tion and inhibited ROS generation in HIF-1α-transfected

F IGURE 3 Dynamin-related protein 1 (Drp1) expression is regulated by METTL3-mediated N6-methyladenosine (m6A) modification.
(A) A beanplot of the distribution of specific numbers of peak-bound mRNAs. (B) The peak regions of the distribution of relative gene
positions of peaks in different groups. (C) The peak regions of the distribution of relative gene positions of the differential peak (portal
hypertension [PHT] vs. sham operation [SO]). (D) The distribution of peaks on gene functional elements according to pie and UpSet plot
analyses. (E) The signal visualisation of the differential peak regions of Drp1. (F) The m6A abundances in Drp1 transcripts in PHT groups
relative to those in SO groups (left panel). The m6A consensus sequence motif was identified (right panel), and the Drp1 m6A levels in SO and
PHT were also analysed. *p < .05. (G) METTL3 staining (brown) in the indicated groups was shown. The expression of METTL3 was related
to the severity of portal hypertensive gastropathy (PHG). n = 6 per group. *p < .05. (H) The protein levels of METTL3 were analysed by
western blotting. The ratio of densitometry units of normalised METTL3/β-actin was further determined. n = 6 per group. *p < .05. (I and J)
IHC staining (brown) and western blotting of METTL3 in the indicated groups. The ratio of densitometry units of normalised
METTL3/β-actin was further determined. n = 6 per group. *p < .05. (K) METTL3 immunofluorescence (IF) staining (red) and western
blotting analyses of vector- and HIF-1α-transfected GES-1 cells. The ratio of densitometry units of normalised METTL3/β-actin was further
determined. n = 6 per group. *p < .05. (L) IF (red) and immunoblot detection of METTL3 in the SO and PHT groups with or without PX-478
treatment. The ratio of densitometry units of normalised METTL3/β-actin was further determined. n = 6 per group. *p < .05 versus SO mice,
#p < .05 versus PHT mice without PX-478 treatment. (M) The binding sequence of hypoxia-inducible factor-1α (HIF-1α) to theMETTL3
promoter was shown. TheMETTL3 luciferase reporter activities in GES-1 or SGC7901 cells transfected with vector or HIF-1α were shown.
n = 6 per group. *p < .05. The HIF-1α-associated complex was enriched in a specific region of theMETTL3 promoter, as shown by ChIP
analyses. n = 3 per group. *p < .05. DAPI, 4′,6-diamidino-2-phenylindole dihydrochloride; GC, gastric cancer.
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F IGURE 4 METTL3mutation rescues mitochondrial function by inhibiting dynamin-related protein 1 (Drp1)-induced mitochondrial
fission. (A) Genotyping ofMETTL3 wild-type (METTL3-WT) andMETTL3mutant (METTL3-Mut) mice was performed by usingMETTL3
allele-specific primers to analyse genomic DNA from tail snips. (B) The protein levels of METTL3 in the gastric mucosa of untreated
METTL3-WT andMETTL3-Mut mice were measured by western blotting. n = 6 per group. *p < .05. (C) Images of 4-hydroxynonenal (4-HNE)
(brown) and MitoSox (red) staining inMETTL3-WT andMETTL3-Mut mice. (D) The gastric injury index and the 4-HNE area were analysed
inMETTL3-WT (W) andMETTL3-Mut (M) mice. *p < .05 versus sham operation (SO) mice, #p < .05 versus portal hypertension (PHT)
METTL3-WT mice. (E) Double immunofluorescence (IF) staining of Drp1 (green) and cytokeratin 18 (red) with 4′,6-diamidino-2-phenylindole
dihydrochloride (DAPI) (blue) counterstaining for DNA in gastric sections of the PHT-inducedMETTL3-WT orMETTL3-Mut mouse model.
(F) The levels of Drp1 inMETTL3-WT (W) orMETTL3-Mut (M) mice were measured by western blotting. Drp1 m6A levels were further
analysed. n = 6 per group. *p < .05 versus SO mice, #p < .05 versus PHTMETTL3-WT mice. (G) The protein levels of Drp1 and 4-HNE in
vector- andHIF-1α-transfected GES-1 cells were measured by western blotting. The ratio of densitometry units of normalised Drp1/β-actin and
4-HNE/β-actin and the levels of reactive oxygen species (ROS) and mitochondrial 8-OHdG (mt 8-OHdG) were further determined. n = 6 per
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GES-1 cells (Figure 7E). We verified that increased nonmi-
tochondrial oxygen consumption and reduced maximum
respiration occurred in HIF-1α-transfected GES-1 cells by
detecting the OCR, and these changes could be reversed
by Mdivi-1 (Figure 7F). The ECAR assay further revealed
increased compensatory and basal glycolysis in HIF-1α-
transfected GES-1 cells, which were blocked by Mdivi-1
(Figure 7F). These data indicate thatDrp1-dependentmito-
chondrial fission enhances glycolysis, while blockade of
mitochondrial fission can attenuate the glycolytic process.

3.8 Drp1-dependent mitochondrial
fission associated with dysfunction of the
mitochondrial electron transport chain
contributes to oxidative stress in both PHG
and GC

Mitochondrial ATP generation and ROS production are
intimately related to the function of the ETC. To explore
whether a defect in the ETC affects mtROS production
under conditions of Drp1-dependentmitochondrial fission
and altered glycolysis status, we examined the transcrip-
tomes of gastric mucosal tissues to assess the ETC profiles
and found that multiple ETC-related elements were mod-
ulated between PHG patients and uninvolved volunteers
(Figure 8A and Table S1). Western blotting analysis of
representative ETC complex subunits revealed that the
levels of NDUFA9, SDHA, Cyt b, COX I and ATP5A
were decreased in both PHG patients and GC patients
(Figure 8B,E), and the generation of ROS was increased
in GC patients (Figure 8E). The activity of the antioxi-
dant enzyme superoxide dismutase (SOD) and the ratio of
reduced (GSH, glutathione) to oxidised (GSSG, glutathione
disulphide) states (GSH/GSSG) were also decreased in
both PHG patients and GC patients (Figure 8B,F). More-
over, the protein levels of NDUFA9, SDHA, Cyt b, COX
I and ATP5A were markedly repressed in both HIF-1α-
transfected GES-1 cells and cells isolated from SGC7901
xenograft mouse models (Figure 8C,G). Mdivi-1 not only
reversed the defects in the expression of the abovemen-
tioned ETC complex subunits (Figure 8C,G), but also
decreased ROS levels and enhanced SOD activity and the
GSH/GSSG ratio in both HIF-1α-transfected GES-1 cells
and cells isolated from SGC7901 xenograft mouse models
(Figure 8C,D,G,H). In summary, Drp1-dependent mito-
chondrial fission associated with alterations in antioxidant

enzyme activity and dysfunction of the ETC contributes to
oxidative stress in both the PHG and GC.

3.9 Mitochondrial dysfunction-induced
oxidative stress activates the NLRP3
inflammasome to contribute to the
development of gastric mucosal diseases

To further analyse the cell death outcomes of hypoxia-
induced mitochondrial dysfunction, we evaluated
common markers of apoptosis, necrotic apoptosis, ferrop-
tosis and pyroptosis in gastric mucosal lesions in PHT and
GC. We found that the NLRP3 and cleaved caspase-1 lev-
els, but not those of MLKL, FTH or FTL, were increased in
bothHIF-1α-transfected GES-1 cells and cells isolated from
SGC7901 xenograft model mice and decreased following
PX-478 treatment (Figure S5A,B). Similarly, the cleaved
caspase-3 level and p-MLKL level were decreased follow-
ing PX-478 treatment in the cells from SGC7901 xenograft
mice, and the p-MLKL level was enhanced in HIF-1α-
transfected GES-1 cells (Figure S5A,B), revealing that in
addition to NLRP3-mediated pyroptosis, other types of cell
death, such as apoptosis or necrotic apoptosis, may also
play a partial role in HIF-1α-regulated cell death. More-
over, the upregulation of NLRP3 and cleaved caspase-1 in
primary cells isolated from PHG patients and GC patients
was obviously repressed by PX-478 treatment (Figure
S5C,D). Although the expression of cleaved caspase-3,
p-MLKL and FTH was also found to be modulated in
primary cells isolated from PHG and GC tissues, PX-478
treatment did not influence their status (Figure S5C,D).
These data suggest that NLRP3 inflammasome-mediated
pyroptosis, rather than other types of cell death, mainly
contributes to the development of gastric mucosal lesions
modulated by HIF-1α signalling. Moreover, the activation
of the inflammasome NLRP3, which was associated with
the secretion of the inflammatory mediators IL-18 and
IL-1β, was significantly enhanced in PHT-mediated gastric
mucosal injury in both humans and mice, and PX-478
repressed this process (Figure 9A,B). Coimmunostaining
of IL-1β and CK18 revealed that damaged gastric mucosal
epithelial cells were surrounded by these inflammatory
factors (Figure 9B). The expression of NLRP3 was further
confirmed in primary gastric epithelial cells isolated from
the SO or PHT groups that received PX-478 treatment
and those that did not receive PX-478 treatment, and

group. *p < .05 versus the vector group, #p < .05 versus hypoxia-inducible factor-1α (HIF-1α)-transfected cells withoutMETTL3 knockdown
(shMETTL3). (H) IF staining (green) of Drp1 and immunoblot analyses of Drp1 and 4-HNE in the indicated groups of SGC7901 cells with or
withoutMETTL3 knockdown. The ratio of densitometry units of normalised Drp1/β-actin and 4-HNE/β-actin and the levels of mt 8-OHdG
were further examined. n = 6 per group. *p < .05.
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F IGURE 5 METTL3 regulates dynamin-related protein 1 (Drp1) N6-methyladenosine (m6A) modification and expression in an
IGF2BP3-dependent manner. (A) Schematic representation of the action of different ‘Readers’ (left panel). The heatmap showing the different
‘Readers’ expression levels in the uninvolved and portal hypertensive gastropathy (PHG) groups. (B) The expression levels of different Readers
in the indicated groups were analysed via microarray analysis. n = 3 per group. (C) IGF2BP3 IHC staining (brown) in the related groups was
presented. The area affected by IGF2BP3 was also presented. n = 6 per group. *p < .05. (D) The expression of IGF2BP3 was measured by
western blotting. (E) The expression of IGF2BP3 in the normal and gastric cancer (GC) groups was detected by IHC staining (brown) and
western blotting. The ratio of densitometry units of normalised IGF2BP3/β-actin and the IGF2BP3 area were listed. n = 6 per group. *p < .05.
(F) Double immunofluorescence (IF) staining of Drp1 (red) and IGF2BP3 (green) in the normal and GC groups was shown. Nuclei (blue) were
counterstained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). (G) Drp1 expression in the indicated groups after different
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fluorescence labelling and flow cytometry analysis
revealed that PX-478 decreased the proportion of NLRP3-
positive cells in the PHT group (Figure 9C). Moreover,
both NLRP3 expression and IL-18 and IL-1β levels
were increased in the GC and SGC7901 mouse models
(Figures 9D,E and S6A) but decreased by PX-478 treatment
in the SGC7901 mouse model (Figures 9E and S6B). We
subsequently found that the ROS scavenger MT inhibited
NLRP3 inflammasome activation and alleviated the gastric
injury index in PHT models (Figure 9F,G). MT also inhib-
ited cleaved caspase-1 and N-terminal cleaved gasdermin
D (GSDMD-N) expression and reduced IL-18 and IL-1β
secretion (Figure 9G). Suppression of ROS by MT reduced
tumour size (average tumour size: 14.38 mm in SGC7901
xenograft mouse models without MT vs. 8.90 mm in those
with MT) and tumour weight (5.27% in SGC7901 xenograft
mouse models without MT vs. 2.42% in those with MT)
(Figure S6C). MT also repressed GC cell proliferation
(Ki67 index: 34.98% in SGC7901 xenograft mouse models
without MT vs. 12.02% in those with MT) and attenu-
ated NLRP3 activation (NLRP3 area: 18.32% in SGC7901
xenograft mouse models without MT vs. 11.07% in those
withMT) in SGC7901 mouse tumour models (Figure S6C).
The PHT models established by adopting NLRP3-WT

and NLRP3-KO mice were used. NLRP3-KO alleviated
gastric mucosal injury and 4-HNE levels and inhibited
the cleaved caspase-1/GSDMD-N pathway to reduce the
release of IL-18 and IL-1β (Figure 9H,I). Similarly, the
NLRP3 inhibitor MCC950 decreased tumour size (aver-
age tumour size: 14.77 mm in SGC7901 xenograft mouse
models without MCC950 vs. 8.47 mm in those with
MCC950) and tumour weight (5.40% in SGC7901 xenograft
mouse models without MCC950 vs. 2.82% in those with
MCC950) in SGC7901 mouse tumour models (Figure
S6D,E). MCC950 also repressed GC cell proliferation (Ki67
index: 34.60% in SGC7901 xenograftmousemodelswithout
MCC950 vs. 11.57% in thosewithMCC950) andNLRP3 acti-
vation (NLRP3 area: 17.47% in SGC7901 xenograft mouse
models withoutMCC950 vs. 10.87% in thosewithMCC950)
in SGC7901 mouse tumour models (Figure S6D,E).

In conclusion, HIF-1α enhancesmitochondrial dysfunc-
tion through Drp1-dependent mitochondrial fission and
influences the metabolic profile by enhancing glycolysis
to increase mtROS production, which can trigger NLRP3
inflammasome activation andmucosal microenvironment
alterations to contribute to the development of benign and
malignant gastric mucosal lesions (Figure 10).

4 DISCUSSION

Hypoxia is an important characteristic of gastric mucosal
diseases, ranging from mucosal inflammatory reactions
to GC.29,30 PHT is indicated by a portal pressure gra-
dient greater than 5 mmHg, namely, the difference in
pressure between the portal vein and the hepatic veins,
which mainly results from liver cirrhosis,31 and PHT-
related gastric mucosal lesions are commonly defined as
complications in patients with PHT.3 And PHG and GC
are the most representative benign and malignant gastric
mucosal diseases characterised by hypoxia.32,33 To iden-
tify the hypoxic situation of the gastric mucosa caused
by PHT and GC, gastric tissues from patients clinically
diagnosed with PHG and GC were collected, PHT-related
gastric mucosal injury models and SGC7901 gastric graft
tumour models were constructed, and the hypoxic state in
the gastric mucosa was confirmed in PHT and GC. More-
over, HIF-1α was significantly increased and concentrated
in the nucleus to exert its function as a transcription fac-
tor and was positively correlated with the degree of gastric
mucosal injury. Because mitochondria are strongly regu-
lated by hypoxia, they sense O2 concentrations and initiate
cellular responses to hypoxia.34 In response to hypoxia and
the upregulation of HIF-1α, mitochondria exhibit morpho-
logical abnormalities and functional impairment, leading
to enhanced oxidative stress and ROS release in GC cells
and injured gastric mucosal epithelial cells induced by
PHT.
Stable mitochondrial fission/fusion is critically involved

in mitochondrial quality control, whereas excessive

treatments was measured by western blotting. The ratio of densitometry units of normalised Drp1/β-actin was also analysed. n = 6 per group.
*p < .05 versus sham operation (SO) mice, #p < .05 versus portal hypertension (PHT) mice or SGC7901 cells without shIGF2BP3 transfection.
(H) Drp1 expression in vector- and HIF-1α-transfected GES-1 cells with or without shIGF2BP3 transfection was measured by western blotting.
The ratio of densitometry units of normalised Drp1/β-actin was listed. n = 6 per group. *p < .05 versus SO mice, #p < .05 versus
HIF-1α-transfected GES-1 cells without shIGF2BP3 transfection. (I) Agarose electrophoresis and RNA immunoprecipitation (RIP)-qPCR using
an anti-IGF2BP3 antibody showing direct binding between the IGF2BP3 protein and Drp1 mRNA in primary epithelial cells isolated from
PHG patients than that from healthy volunteers (uninvolved). *p < .05. (J) Agarose electrophoresis and RIP-qPCR using an anti-IGF2BP3
antibody revealing direct binding between the IGF2BP3 protein and Drp1 mRNA in primary epithelial cells isolated from the indicated mouse
models. *p < .05. (K) Agarose electrophoresis and RIP-qPCR using an anti-IGF2BP3 antibody revealed that IGF2BP3 significantly bound to
Drp1 mRNA in SGC7901 cells withoutMETTL3 knockdown (shMETTL3 transfection). *p < .05. (L) Agarose electrophoresis and qPCR
analysis of RIP assays using an anti-IGF2BP3 antibody revealed the affinity of IGF2BP3 for Drp1 mRNA in vector- and HIF-1α-transfected
GES-1 cells. *p < .05. HIF-1α, hypoxia-inducible factor-1α.
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mitochondrial fission may impair mitochondrial func-
tions. Drp1 is a major component of mitochondrial fission
and acts as a marker of mitochondrial dynamics.35 Four
outer mitochondrial membrane adaptors anchor Drp1,
Mff, Fis1 and mitochondrial division factors 49 and 51
(Mid49 andMid51), and this process is primarily driven by
Drp1 and Fis1.36,37 In our study, Drp1 and Fis1 expression
was elevated in injured gastric mucosa under hypoxia, and
Drp1 interacted with Fis1 inmitochondria to activate mito-
chondrial fission and oxidative stress. PX-478-mediated
HIF-1α inhibition and Mdivi-1-mediated Drp1 inhibition
both restored mitochondrial function to a certain extent,
which alleviated PHT-induced gastric mucosal injury
and blocked GC cell proliferation, suggesting that HIF-1α
mediated mitochondrial dysfunction via Drp1-dependent
mitochondrial fission. Based on the important role of
protein oligomerisation in mitochondrial fission, we also
analysed the oligomeric states of Drp1, Fis1, Mff, Mid49,
Mid51,Mfn1,Mfn2 andOPA1 and found that the oligomeri-
sation of Drp1 and Fis1 was enhanced in gastric mucosal
lesions in PHT and SGC7901 xenograft mouse models.
The oligomerisation of Mff, Mid49 and Mid51 rather than
that of Mfn1, Mfn2 and OPA1 in the gastric epithelial cells
of PHT patients was slightly increased, and the oligomeric
states of Mff, Mid49, Mid51 and Mfn1 were not modulated
by PX-478 treatment in SGC7901 xenograft mouse models.
Drp1 oligomerisation always enhances mitochondrial
fission,26 and Fis1 oligomers drive Drp1 oligomerisation
via promoting Mid51 oligomerisation.27 Our findings
revealed that enhanced Drp1 and Fis1 oligomerisation
participates in HIF-1α-regulated mitochondrial fission in
both PHT and GC.
As an epitranscriptomic modification, the m6A mod-

ification of RNA is widely involved in the regulation of
cell renewal and differentiation and metabolism during

the progression of various inflammatory and cancerous
diseases.38 However, the specific mechanism by which
m6A modification mediates mitochondrial dysfunction
under hypoxic gastric condition is still unknown. There-
fore, MeRIP-seq analysis of normal and PHT-induced
gastric mucosa tissues revealed that m6A modification
plays an important role in gastric mucosal lesions in PHT.
More critically, the m6A level of Drp1 was increased. Fur-
thermore, we found that the m6A modification of Drp1
was dependent on the ‘Writer’ METTL3 and ‘Reader’
IGF2BP3 and was strictly regulated by HIF-1α under
hypoxia. The same results were also demonstrated in GC
cells and gastric mucosal tissues with cancerous lesions.
Similar to our findings, a previous study showed that
METTL3 promoted GC development wherein METTL3
catalysed the m6A methylation of growth arrest specific
5 (GAS5) in a YTHDF2-mediated manner to enhance
Drp1-mediated mitochondrial fission.39,40 Furthermore,
PX-478 can alleviate the m6A modification mediated
by the HIF-1α/METTL3/IGF2BP3 pathway to inhibit the
interaction between Drp1 and Fis1 and mitochondrial
fission/dysfunction. In addition, METTL3 mutation or
IGF2BP3 knocking down inhibited m6A modification and
decreased Drp1 protein levels to rescue mitochondrial
function in PHT and GC nude mouse models.
Glycolysis is an importantmetabolic pathway controlled

by many glycolytic enzymes, and previous reports have
confirmed that gastric mucosal diseases utilise glycolysis
to meet energy demands.41‒43 Based on a transcriptional
sequencing assay of clinical PHT-induced injured gas-
tric mucosal tissues combined with energy metabolism
analysis of primary gastric mucosal epithelial cells from
PHT model mice, we found that glycolysis was activated
and regulated by the key rate-limiting enzyme LDHA
in the gastric mucosa of PHT models under hypoxia.

F IGURE 6 Hypoxia-inducible factor-1α (HIF-1α) influences the metabolic profile and enhances glycolysis via lactate dehydrogenase A
(LDHA). (A) Heatmap showing the differentially expressed genes associated with glycolysis in the uninvolved and portal hypertensive
gastropathy (PHG) groups. n = 3 per group. (B) Hexokinase-2 (HK2), pyruvate kinase M2 (PKM2) and LDHA levels in mouse models and
clinical samples were measured by western blotting. The ATP concentrations were also analysed. n = 6 per group. *p < .05, #p < .05 versus
portal hypertension (PHT) mice without PX-478 treatment. (C) The ratio of densitometry units of normalised HK2/β-actin, PKM2/β-actin and
LDHA/β-actin was determined. n = 6 per group. *p < .05 versus sham operation (SO) mice or uninvolved groups, #p < .05 versus PHT mice
without PX-478 treatment. (D) LDHA IHC staining (brown) of mouse models and clinical sections was shown, and the area of LDHA was also
analysed. n = 6 per group. *p < .05 versus SO mice or the uninvolved group, #p < .05 versus PHT mice without PX-478 treatment. (E)
Heatmap of an untargeted metabolomics strategy in primary gastric epithelial cells from the SO and PHT groups (left panel). n = 4 per group.
The histogram revealed the differences in relative abundance between the SO and PHT groups (right panel). *p < .05. (F) A partial least
squares discriminant analysis (PLS-DA) model and correlation coefficient analysis showing the changes in metabolites in primary gastric
epithelial cells. n = 4 per group. (G) Heatmap of metabolic alterations in primary epithelial cells showing significant differences in lactic acid,
citric acid and isocitric acid between the SO group and PHT group. n = 4 per group. (H) The relative levels of lactic acid, isocitric acid and
citric acid were presented and analysed via a Z score plot map and a Violin plot, respectively. n = 4 per group. (I) LDHA expression in the
related groups was determined by IHC staining (brown) and western blotting analysis. n = 6 per group. *p < .05. (J) The binding sequence of
HIF-1α to the LDHA promoter. The LDHA protein levels in the vector- and HIF-1α-overexpressing groups were shown. The LDHA luciferase
reporter activities and ChIP assays (the HIF-1α-associated complex was enriched in a specific region of the LDHA promoter) were also
demonstrated. n = 3 per group. *p < .05. GC, gastric cancer.
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F IGURE 7 Blocking dynamin-related protein 1 (Drp1)-dependent mitochondrial fission represses glycolysis. (A) The hexokinase-2
(HK2), pyruvate kinase M2 (PKM2) and lactate dehydrogenase A (LDHA) levels were measured by western blotting in primary gastric
epithelial cells from the sham operation (SO) and portal hypertension (PHT) groups with or without a mitochondrial division inhibitor 1
(Mdivi-1) treatment. The ratios of densitometric units of normalised HK2/β-actin, PKM2/β-actin and LDHA/β-actin were determined via
western blotting. The lactic acid concentration was also measured. n = 6 per group. *p < .05 versus SO mice, #p < .05 versus PHT mice
without Mdivi-1 treatment. (B) ATP concentrations and reactive oxygen species (ROS) levels were analysed in primary epithelial cells from
the SO and PHT groups with or without Mdivi-1 treatment. n = 6 per group. *p < .05 versus SO mice, #p < .05 versus PHT mice without
Mdivi-1 treatment. (C) Mitochondrial respiration (oxygen consumption rate, OCR) analysis of cells isolated from SGC7901 tumour model
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Elevated glycolysis and LDHA were also measured in
GC cells and gastric mucosal tissues with cancerous
lesions under hypoxic condition. According to a recent
report, stress signals (including glycolysis, inflammatory
factors and hypoxia) can increase mitochondrial fission,44
and latent membrane protein 1-mediated mitochondrial
fission can also drive a metabolic shift to glycolysis.35 In
the HIF-1α-dominated hypoxic state, LDHA-mediated
glycolytic activation and METTL3/IGF2BP3-dependent
increase in Drp1 m6A methylation jointly aggravated
mitochondrial fission, dysfunction and ROS production.
Mechanistically, HIF-1α dimerises with HIF-1β and binds
to the hypoxia response element under hypoxia to control
gene expression.45 Dual luciferase reporter plasmids and
chromatin immunoprecipitation assays indicated that
HIF-1α can directly bind to the LDHA and METTL3
promoters and increase their expression.
Energy deficiency diverts NLRP3-dependent pyropto-

sis to NLRP3-independent necrosis upon the addition of
a K+ efflux inducer (extracellular ATP and the bacte-
rial toxin nigericin), which is dampened by high-energy
intermediates such as fructose 1,6-bisphosphate. Notably,
cell death induced by K+ efflux and energy metabolism
blockade is distinct from pyroptosis, apoptosis, necrop-
tosis or ferroptosis.46 Based on our energy metabolism
analysis, we showed that HIF-1α not only mediated Drp1-
dependent mitochondrial fission and mitochondrial dys-
function in gastric mucosal diseases but also influenced
energy metabolism and metabolic profiles by altering gly-
colysis under hypoxic condition and that blockade of
Drp1-dependent mitochondrial fission attenuated the gly-
colytic process. These data revealed that, in addition to
HIF-1α-modulated glycolysis by LDHA, Drp1-dependent
mitochondrial fission/dysfunction also enhanced glycoly-
sis, and blockade of mitochondrial fission attenuated the
glycolytic process.Mitochondrial ATP generation andROS
production are intimately related to the function of the
ETC, and nicotinamide adenine dinucleotide and flavin
adenine dinucleotide, which are supplied by glycolysis,
translocate to the ETC, each of which can donate a pair of
electrons to the ETC.47 ETC dysfunction leads to the pre-

mature leakage of electrons from complexes to enhance
mtROS generation, during this process, antioxidant sys-
tems are important for the regulation of mtROS and redox
species.47 Based on these findings,we also found thatDrp1-
dependent mitochondrial fission and enhanced glycolysis
were associated with alterations in antioxidant enzyme
activity and dysfunction of the ETC, which ultimately
resulted in massive mtROS production. Increased mtROS
can further promote mtDNA damage, the oxidation of
mitochondrial proteins and mitochondrial dysfunction,
in turn causing the massive production of mtROS.48 ox-
mtDNAwas quantified by the 8-OHdG content of mtDNA,
and we revealed that mtROS induced mtDNA damage in
gastric mucosal diseases. These data suggest that Drp1-
dependent mitochondrial fission/dysfunction caused by
HIF-1α alters energy metabolism and enhances glycoly-
sis, thus producing massive amounts of mtROS through
defects in the ETC and antioxidant systems in both PHG
and GC.
Energy metabolism deficiency can also affect K+

channels and other kinases phosphorylation to regulate
ROS generation.46 Some reports highlight the multi-
faceted interaction of HIF-1α with cell death processes,
including apoptosis, necrosis, autophagy, ferroptosis and
pyroptosis.49 In our study, we further analysed the cell
death outcomes of mitochondrial dysfunction-mediated
ROS production by HIF-1α under hypoxia by evaluating
the possibility of apoptosis, necrotic apoptosis, ferropto-
sis and pyroptosis in gastric mucosal lesions in PHT and
GC, and we revealed that the protein levels of NLRP3
and cleaved caspase-1, rather than those of MLKL, FTH
and FTL, were increased in both HIF-1α-transfected GES-
1 cells and cells isolated from SGC7901 xenograft mouse
models but could be decreased by PX-478 treatment in
cells from SGC7901 xenograft mice. Moreover, the upreg-
ulated NLRP3 and cleaved caspase-1 levels in primary
cells isolated from PHG patients and GC patients were
decreased by PX-478 treatment. Although the levels of
cleaved caspase-3, p-MLKL, FTH and FTL were also
found to be regulated in PHG and GC tissues, PX-478
did not influence their status. These data highlighted the

mice (with or without Mdivi-1 treatment) was presented. n = 6 in each group. Glycolytic rate (extracellular acidification rate, ECAR) analysis
of cells isolated from SGC7901 mouse tumour models (with or without Mdivi-1 treatment) was also performed. *p < .05. (D) HK2, PKM2 and
LDHA expression in vector- andHIF-1α-transfected GES-1 cells with or without Mdivi-1 treatment measured by western blotting. The ratios of
densitometry units of normalised HK2/β-actin, PKM2/β-actin and LDHA/β-actin were listed, and the lactic acid concentration was also
measured. n = 6 per group. *p < .05 versus vector-transfected GES-1 cells, #p < .05 versus HIF-1α-transfected GES-1 cells without Mdivi-1
treatment. (E) ATP concentrations and ROS levels were determined in vector- and HIF-1α-transfected GES-1 cells treated with or without
Mdivi-1. n = 6 per group. *p < .05 versus vector-transfected GES-1 cells, #p < .05 versus HIF-1α-transfected GES-1 cells without Mdivi-1
treatment. (F) OCR analysis of vector- and HIF-1α-transfected GES-1 cells with or without Mdivi-1 treatment was presented. ECAR of the
indicated groups was also examined. *p < .05 versus vector-transfected GES-1 cells, #p < .05 versus HIF-1α-transfected GES-1 cells without
Mdivi-1 treatment. FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; HIF-1α, hypoxia-inducible factor-1α; Oligo, oligomycin;
Rot/AA, rotenone/antimycin A.
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F IGURE 8 Dynamin-related protein 1 (Drp1)-dependent mitochondrial fission associated with dysfunction of the mitochondrial
electron transport chain contributes to oxidative stress in both portal hypertensive gastropathy (PHG) and gastric cancer (GC). (A)
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critical role of NLRP3 inflammasome-mediated pyrop-
tosis in cell death and gastric mucosal lesions under
HIF-1α-regulated mitochondrial dysfunction and energy
metabolism alteration (enhanced glycolysis). Consistent
with our current results, HIF-1α has been implicated in
the regulation of inflammatory responses and cell death
pathways, particularly NLRP3 inflammasome-associated
pyroptosis.49‒51 HIF-1α appears to regulate the expres-
sion of NLRP3, and mitophagy can suppress pyroptosis
by blocking the HIF-1α/NLRP3 pathway under hypoxia.50
miRNA-18a inhibits HIF1-α/NLRP3 signalling to hinder
pyroptosis and impair osteogenic differentiation.51 HIF-
1α-mediated glycolysis deficiency also alleviates NLRP3-
related inflammation, pyroptosis and oxidative stress.52
These reports revealed that HIF-1α interacts with specific
proteins, signalling pathways and genetic regulators to
promote cell death processes, especially NLRP3 signalling-
dependent pyroptosis. Whether and how other forms of
cell death, such as apoptosis, necrotic apoptosis and fer-
roptosis, are induced by energy metabolism alterations
and mitochondrial dysfunction-mediated ROS production
under hypoxia in PHG and GC tissues warrants further
investigation.
Inflammation affects all stages of tumourigenesis, and

the activation of the NLRP3 inflammasome is the key to
causing acute and chronic inflammation.53 Inflammasome
activation requires priming by proinflammatory signals
or oxidative stress products, and ROS plays a key role
in NLRP3 inflammasome activation and inflammasome
complex formation.54 Some studies have shown that the
oxidation of mitochondrial DNA by mtROS is an inducer
of NLRP3 inflammasome activation.46 The mitochondria

within a cell are a major source of endogenous ROS and
can be important triggers for inflammation and tissue
injury, as ROS production activates the NLRP3 inflam-
masome and IL-1β secretion through increased levels of
thioredoxin-interacting protein.55 In addition, the NLRP3
inflammasome senses mitochondrial dysfunction and is
positively regulated by ROS derived from dysfunctional
mitochondria.56 Additionally, we verified that the ROS
scavenger MT inhibited NLRP3 inflammasome activation
and alleviated the gastric injury index in PHTmodels, and
MT also repressed GC proliferation and attenuated NLRP3
activation in SGC7901 mouse tumour models. However,
the NLRP3 inflammasome is unlikely to be activated by
ROS directly. NLRP3 can be activated by extracellular stim-
uli that induce K+ efflux, such as ATP released from dying
cells.46,57 According to our results, aberrant ATP levels in
the gastricmucosa of PHTmodels and PHGpatients under
hypoxic condition may be involved in NLRP3 inflamma-
some activation, gastric mucosal inflammation and lesion
formation, and these effects could be reversed by HIF-1α
inhibition with PX-478. A decrease inmitochondrial mem-
brane potential and increased intracellular Ca2+ can also
be NLRP3 activators that elicit a particular form of mito-
chondrial damage.56 In this regard, we showed thatHIF-1α
overexpression also decreased the membrane potential,
disturbed mitochondrial Ca2+ homeostasis and enhanced
oxidative stress in gastric epithelial cells. These changes
may cause the release of fragmented mtDNA, which is
then converted to an oxidised form (ox-mtDNA) and serves
as the ultimate NLRP3 ligand for its activation.58 On the
other hand, PKM2 upregulation or its translocation to
the nucleus may be required for NLRP3 inflammasome

Two-dimensional hierarchical clustering results of the genes of electron transport chain (ETC)-related elements between PHG patients (as
PHG) and healthy volunteers (as uninvolved). n = 3 per group. (B) Western blotting analysis (left panel) of protein levels of representative
ETC complex subunits (NADH ubiquinone oxidoreductase subunit A9 [NDUFA9], succinate dehydrogenase complex flavoprotein subunit A
[SDHA], cytochrome b [Cyt b], cyclooxygenase I [COX I] and alpha subunit of ATP synthase [ATP5A]) in the primary epithelial cells of PHG
patients and healthy volunteers (uninvolved). The activity of the antioxidant enzyme superoxide dismutase (SOD) and the ratio of reduced
(glutathione, GSH) to oxidised (glutathione disulphide, GSSG) states (GSH/GSSG) were detected by assay kits (right panel). n = 6 per group.
*p < .05. (C) Western blotting analysis of protein levels of representative ETC complex subunits (NDUFA9, SDHA, Cyt b, COX I and ATP5A)
in vector- and HIF-1α-transfected GES-1 cells with or without mitochondrial division inhibitor 1 (Mdivi-1) treatment. The ratios of the
normalised NDUFA9/β-actin, SDHA/β-actin, Cyt b/β-actin, COX I/β-actin and ATP5A/β-actin densitometric units and the levels of reactive
oxygen species (ROS) were also analysed. n = 6 per group. *p < .05 versus vector-transfected GES-1 cells, #p < .05 versus HIF-1α-transfected
GES-1 cells without Mdivi-1 treatment. (D) SOD activity and the GSH/GSSG ratio in the indicated groups were detected by assay kits. n = 6
per group. *p < .05 versus vector-transfected GES-1 cells, #p < .05 versus HIF-1α-transfected GES-1 cells without Mdivi-1 treatment. (E)
Western blot showing the protein levels of representative ETC complex subunits (NDUFA9, SDHA, Cyt b, COX I and ATP5A) in the normal
and GC groups. The ratios of the normalised NDUFA9/β-actin, SDHA/β-actin, Cyt b/β-actin, COX I/β-actin and ATP5A/β-actin densitometric
units and the levels of ROS were also examined. n = 6 per group. *p < .05. (F) SOD activity and the GSH/GSSG ratio of the normal and GC
groups were analysed. n = 6 per group. *p < .05. (G) Western blotting detection of representative ETC complex subunit protein levels in cells
isolated from SGC7901 xenograft model mice. The ratios of the normalised NDUFA9/β-actin, SDHA/β-actin, Cyt b/β-actin, COX I/β-actin and
ATP5A/β-actin densitometric units and the levels of ROS were also examined. n = 6 per group. *p < .05. (H) SOD activity and the GSH/GSSG
ratio in cells isolated from SGC7901 xenograft model mice were analysed. n = 6 per group. *p < .05. HIF-1α, hypoxia-inducible factor-1α;
NADH, nicotinamide adenine dinucleotide.
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F IGURE 9 Mitochondrial dysfunction-induced oxidative stress activates the NLRP3 inflammasome to contribute to the development of
gastric mucosal diseases. (A) The expression of cleaved caspase-3, MLKL, p-MLKL, NLRP3, cleaved caspase-1, FTH and FTL in the sham
operation (SO) and portal hypertension (PHT) groups with or without PX-478 treatment. (B) IHC staining of NLRP3 (brown) in the indicated
groups. Histograms showing the levels of interleukin (IL)-1β and IL-18 in the indicated groups determined by enzyme-linked immunosorbent
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assay (ELISA). n = 6 per group. *p < .05 versus SO mice or uninvolved groups, #p < .05 versus PHT mice without PX-478. Co-staining for
cytokeratin 18 (red) and IL-1β (green) was also shown, and nuclei (blue) were counterstained with 4′,6-diamidino-2-phenylindole
dihydrochloride (DAPI). (C) Immunofluorescence (IF) staining of NLRP3 (red) in primary cells isolated from the SO and PHT groups. Flow
cytometric analysis was used to detect NLRP3-positive (NLRP3+) and NLRP3-negative (NLRP3‒) gastric epithelial cells from the above
groups. (D) NLRP3 IHC staining (brown) and protein detection in normal and gastric cancer (GC) gastric tissues. (E) NLRP3 IF staining (red)
and protein levels in cells isolated from SGC7901 xenografts of nude mice with or without PX-478 treatment were revealed. (F) NLRP3 staining
(brown) and the gastric injury index of model mice treated with or without mito-TEMPO (MT). n = 6 per group, *p < .05 versus the SO group,
#p < .05 versus the PHT group without MT treatment. (G) The expression of hypoxia-inducible factor-1α (HIF-1α), cleaved caspase-1, NLRP3
and N-terminal cleaved gasdermin D (GSDMD-N) was analysed by western blotting (left panel). The ratio of densitometry units of normalised
NLRP3 and cleaved caspase-1 to β-actin was determined (upper panel). The concentrations of IL-1β and IL-18 determined by ELISA were also
shown (lower panel). n = 6 per group. *p < .05 versus the SO group, #p < .05 versus the PHT group without MT treatment. (H) Expression of
4-hydroxynonenal (4-HNE) in NLRP3-WT (W) or NLRP3-KO (K) mice according to IHC staining (brown). The gastric injury index and 4-HNE
area (%) were also analysed. n = 6 per group. *p < .05 versus SO mice, #p < .05 versus PHT NLRP3-WT mice. (I) The expression of IL-1β, IL-18,
cleaved caspase-1 and GSDMD-N was measured by western blotting. The densitometry units of the corresponding proteins were analysed.
n = 6 per group. *p < .05 versus SO mice, #p < .05 versus PHT NLRP3-WT mice. PHG, portal hypertensive gastropathy.

activation.59 Based on our RNA-seq and local data from
the gastricmucosa of PHGpatients andhealthy volunteers,
we found that PKM2 was elevated in PHG under hypoxia,
and the protein levels of multiple elements related to gly-
colysis, including LDHA, PKM2 and HK2, were elevated
in PHG, which could be reversed by PX-478 or Mdivi-1.
Active PKM2 was reported to activate NLRP3, and dimeric
PKM2 bound with HIF-1α promoted pro-IL-1β transcrip-
tion and facilitatedNLRP3 and apoptosis-associated speck-

like CARD-domain protein (ASC) assembly under hypoxic
condition.60 These findings suggest that multiple factors
in different pathophysiological situations contribute to
NLRP3 inflammasome activation by modulating various
signals or pathways. In our study, ROS generated from
mitochondrial dysfunction and altered energy metabolism
(enhanced glycolysis) by HIF-1α under hypoxia ultimately
triggered NLRP3 inflammasome activation and mucosal
microenvironment alterations, thus leading to epithelial

F IGURE 10 Schematic diagram of hypoxia-inducible factor-1α (HIF-1α)-regulated mitochondrial fission and dysfunction in the
development of gastric mucosal diseases under hypoxia.
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pyroptosis and the development of gastric mucosal lesions.
GSDMD-N is a key cell membrane pore-forming protein
that facilitates the release of inflammatory mediators, and
the activation of cleaved GSDMD-N and inflammatory fac-
tors is triggered by cleaved caspase-1.61,62 In response to
HIF-1α-mediated ROS release from dysfunctional mito-
chondria under hypoxia, the NLRP3 inflammasome is
swiftly activated, and IL-18 and IL-1β are secreted with
the assistance of cleaved caspase-1 and GSDMD-N, which
boosts extracellular inflammation and eventually aggra-
vates gastric mucosal inflammatory lesions in PHT and
promotes the proliferation of gastric carcinoma cells.
Whether and how other elements or events, such as PKM2,
ATP and K+ efflux, and disturbed mitochondrial Ca2+
homeostasis activate the NLRP3 inflammasome under
hypoxia in PHG and GC tissues need to be elucidated in
our future work.
In conclusion, we revealed that HIF-1α expression

is upregulated in the gastric mucosa in PHT and GC,
which can promote METTL3/IGF2BP3-dependent Drp1
m6A methylation under hypoxia to enhance mitochon-
drial fission, dysfunction and glycolysis, and that HIF-1α
can also enhance glycolysis via LDHA. Accompanying the
alterations in antioxidant enzyme activity and dysfunction
of the ETC, these dysfunctional mitochondria powerfully
boost mtROS production to induce NLRP3 inflammasome
activation and subsequent release of IL-18 and IL-1β via
the caspase-1/GSDMD-N pathway. These factors form an
anoxic and inflammatory microenvironment in the gastric
mucosa, and the increase in inflammation exacerbates the
progression of gastric mucosal lesions. This network pro-
vides a potential therapeutic target for the development of
benign and malignant gastric mucosal lesions in response
to hypoxic condition (Figure 10).
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