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Abstract Metabolic-associated fatty liver disease (MAFLD), which is previously known as non-

alcoholic fatty liver disease (NAFLD), represents a major health concern worldwide with limited therapy.

Here, we provide evidence that ferroptosis, a novel form of regulated cell death characterized by iron-

driven lipid peroxidation, was comprehensively activated in liver tissues from MAFLD patients. The

canonical-GPX4 (cGPX4), which is the most important negative controller of ferroptosis, is downregu-

lated at protein but not mRNA level. Interestingly, a non-canonical GPX4 transcript-variant is induced

(inducible-GPX4, iGPX4) in MAFLD condition. The high fat-fructose/sucrose diet (HFFD) and

methionine/choline-deficient diet (MCD)-induced MAFLD pathologies, including hepatocellular

ballooning, steatohepatitis and fibrosis, were attenuated and aggravated, respectively, in cGPX4-and

iGPX4-knockin mice. cGPX4 and iGPX4 isoforms also displayed opposing effects on oxidative stress

and ferroptosis in hepatocytes. Knockdown of iGPX4 by siRNA alleviated lipid stress, ferroptosis and

cell injury. Mechanistically, the triggered iGPX4 interacts with cGPX4 to facilitate the transformation

of cGPX4 from enzymatic-active monomer to enzymatic-inactive oligomers upon lipid stress, and thus

promotes ferroptosis. Co-immunoprecipitation and nano LCeMS/MS analyses confirmed the interaction

between iGPX4 and cGPX4. Our results reveal a detrimental role of non-canonical GPX4 isoform in fer-

roptosis, and indicate selectively targeting iGPX4 may be a promising therapeutic strategy for MAFLD.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metabolic associated fatty liver disease (MAFLD), a new
nomenclature emerged in 2020 for fatty liver replacing nonal-
coholic fatty liver disease (NAFLD), remains as one leading
cause for end-stage liver diseases1. Hepatic abnormalities in
MAFLD encompass a wide array of clinicopathological spec-
trum of liver histology ranging from isolated hepatic steatosis to
steatohepatitis and steatofibrosis, ultimately resulting in
cirrhosis, liver failure and hepatocelluar carcinoma2. Unfortu-
nately, the current understanding and therapy of MAFLD is still
limited3. Ferroptosis is a novel form of regulated cell death
(RCD) characterized by accumulation of iron-driven peroxida-
tion of polyunsaturated fatty acids (PUFA), resulting in uncon-
trollable redox reaction, and ultimately, cell death4e6. As a
unique type of RCD, ferroptosis is morphologically, biochemi-
cally, and genetically distinct from other well-known cell death
categories including necrosis, apoptosis, autosis, and pyropto-
sis7. Although the precise signaling transduction has not been
fully elucidated, ferroptosis has been shown to be regulated by
glutathione peroxidase 4 (GPX4)5,6,8,9, acyl-CoA synthetase
long-chain family member 4 (ACSL4)10, phosphatidylethanol-
amine binding protein 111, arachidonate 12/15-lipoxygenase
(ALOX12/15)12, ferroptosis suppressor protein 1 (FSP1)13,14,
poly-rC binding protein 1 (PCBP1)15, transferrin receptor
(TFR1)16, ZIP1417 and dihydroorotate dehydrogenase18.

GPX4 has been established as the most important guardian
against ferroptosis5,6,8. However, the concrete role of GPX4 in
ferroptosis-associated pathophysiology is not fully clarified.
Currently, four transcript variants of GPX4 in human and three
GPX4 transcript variants in rodents are identified. Among these
transcripts, the predominant variant 1 encodes the canonical
GPX4 (cGPX4, GPX4 isoform A, w19 kDa), which is the first
discovered defense factor to avoid lipid peroxidation5,6,8. Inac-
tivation of cGPX4 is widely recognized as the primary cause of
ferroptosis5. The human GPX4 isoform C was previously found
to be mainly localized in testis and called sperm nuclei-GPX4
(nGPX4)19, containing an alternate 50 terminal exon, which
results in an alternative isoform of GPX4 (w34 kDa) with a
distinct N-terminus. The complexity in GPX4 gene transcription
suggests the possible diverse functional roles of GPX4 under
different pathophysiological conditions. However, most current
studies regarding ferroptosis deemed the GPX4 isoform A
(cGPX4) encoded by variant 1 as a negative biomarker for
ferroptosis, ignoring the existence of other isoforms and their
roles in ferroptosis.

In liver, ferroptosis is involved in high-iron diet-induced
hemochromatosis20 and contributes to the anticancer activity of
sorafenib21 and resistance to sorafenib22 in hepatocellular car-
cinoma (HCC). Moreover, ferroptosis contributes to chemo-
therapy in nanoparticles-based tumor therapy23e25. Ferroptosis
in hepatic stellate cells also participates in liver fibrosis26,27. As
the hepatic iron deposition was more prevalent in patients with
MAFLD-related HCC compared with HCC-free control pa-
tients28, iron overload is deemed an independent risk factor for
MAFLD. Several seminal studies recently depicted that iron
chelators may prevent metabolic syndrome and steatohepatitis in
experimental fatty liver models29,30. For example, knockout of
the iron chaperone protein PCBP1 was shown to disrupt liver
iron homeostasis, resulting in steatosis and inflammation in
mice15. However, whether a cause-effect connection exists be-
tween MAFLD progression and ferroptosis remains largely
unknown.

In the present study, we reported the existence of ferroptosis in
liver tissues from MAFLD patients and two experimental MAFLD
models. Intriguingly, although the canonical GPX4 isoform
(cGPX4) was downregulated, the corresponding mRNA level
remained unchanged in liver tissues from MAFLD patients.
Conversely, a robust induction of nGPX4 was noted in liver tissues
from MAFLD patients and mice. Our results demonstrated that
this isoform was not limited in nuclei, and thus termed this
inducible GPX4 transcript as ‘iGPX4’ herein. Steatohepatitis and
liver injury were relieved in cGPX4-knockin mice but substan-
tially aggravated in iGPX4-knockin mice in the face of MAFLD.
Mechanistically, we found that upon lipid stress, the iGPX4 iso-
form directly interacted with cGPX4 and was incorporated into
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the enzymatic-inactive high-molecular-weight GPX4 oligomers,
ultimately lowering the enzymatic-active GPX4 monomer level.
Our findings have illustrated a previously-unknown role of GPX4
Figure 1 Ferroptosis is triggered in liver tissue of MAFLD patients.
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Figure 2 Identification of a novel inducible GPX4 alternative isoform triggered upon lipid peroxidation stress. (A) The change mRNA levels of

cGPX4 and nGPX4 in liver tissues from MAFLD mice induced by HFFD and MCD (n Z 6 per group). (B) The change protein levels of cGPX4

and nGPX4 in liver tissues from MAFLD mice induced by HFFD and MCD (nZ 3 per group). (C) Protein expression of nGPX4 in various mouse

tissues was determined by immunoblotting with a polyclonal antibody against a specific amino acid sequence (SPRKRPGPRRRKARC) within

the N-terminal of mouse nGPX4. (D) The distribution of nGPX4 in AML12 hepatocytes was determined by immunofluorescence with a poly-

clonal antibody against mouse nGPX4. DAPI was used to stain nuclei (n Z 6 per group). Scale bar, 20 mm. (E) The nGPX4 was determined by

immunofluorescence with a polyclonal antibody against mouse nGPX4 in liver tissue from Chow- or HFFD-treated mice (nZ 6 per group). DAPI

was used to stain nuclei. Scale bar, 100 mm. (F) Flag-tagged cGPX4 and nGPX4 were transfected into AML12 hepatocytes, and the subcellular

localization of cGPX4 and nGPX4 was detected with a mouse monoclonal antibody recognizing Flag followed by an Alexa Fluor 568 goat-anti-

mouse secondary antibody (n Z 3 per group). DAPI was used to stain nuclei (blue). Scale bar, 20 mm. (G) Flag-tagged cGPX4 and nGPX4 were

transfected into AML12 hepatocytes, and the cytosol and nuclear fractions were extracted to assess subcellular localization of cGPX4 and nGPX4

by immunoblotting with a mouse monoclonal antibody recognizing Flag (n Z 3 per group). Lamin A/C was used a loading control for nuclear

extract while GAPDH was used a loading control for cytosol extract. Data are presented as mean � SEM and analyzed by one-way ANOVA,

followed by Tukey’s HSD test; **P < 0.01 vs. Chow. NS, no significance.
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Figure 3 Knockin of cGPX4 inhibits ferroptosis and protects against MAFLD in mice. (A) Scheme illustrating experimental design for

comparing MCD-induced MAFLD pathologies between R26WT/WT and R26cGPX4/cGPX4 mice. (B) The body weight curves of R26WT/WT and

R26cGPX4/cGPX4 mice fed a MCD or a normal Chow diet (n Z 6 per group). (C) The Fe2þ levels in liver tissues of R26WT/WT and R26cGPX4/cGPX4

mice fed a MCD or a normal Chow diet (nZ 5 per group). (D) Immunoblotting of ACSL4, ALOX15, ferritin, transferrin, 3-nitrotyrosine, 4-HNE,

TFR1 and ZIP14 in liver tissues of R26WT/WT and R26cGPX4/cGPX4 mice fed a MCD or a normal Chow diet (n Z 3 per group). (E) PI staining
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2. Materials and methods

2.1. Human liver samples

Human normal liver tissue samples (n Z 14) were obtained from
individuals (>18 years old) who underwent hepatectomy due to
hepatolithiasis, liver trauma or hepatic haemangioma at Shanghai
Tenth People’s Hospital (Shanghai, China). With the preoperative
ultrasound scanning and intraoperative observation/examination,
patients with MAFLD at different stages including simple fatty
liver, nonalcoholic steatohepatitis and liver fibrosis were included.
The histological changes in these samples were confirmed by
H&E staining. The normal liver tissues in the same patient were
collected for comparison. Individuals meeting any of the
following criteria were excluded from this study: excessive
alcohol consumption (>140 g for men or >70 g for women, per
week), drug or toxin use, viral infection (e.g., AIDS, hepatitis B
virus and hepatitis C virus), coronary heart disease, myocardial
infarction, or cerebral apoplexy. According to the histological
analysis, liver tissues form 14 cases (7 control individuals and 7
MAFLD patients) were used, 8 from men and 6 from women. The
study was approved by the institutional research ethics committee
of Shanghai Tenth People’s Hospital of Tongji University
(approval number: SHSY-IEC-4.1/19-126/01) and conducted in
accordance with the ethical standards of the Helsinki Declaration.
Informed consent was obtained from each recruited patient. All of
the participants included underwent physical, anthropometric, and
biochemical assessments.

2.2. Mice

All experimental procedures in mice were reviewed and approved
by Institutional Animal Care and Use Committee of Medical
School of Tongji University and the Animal Care and Use Com-
mittee of Tongji University (Shanghai, China). The animals
received humane care according to the criteria outlined in the
Guide for the Care and Use of Laboratory Animals prepared by
the National Academy of Sciences and published by the National
Institutes of Health. All the mice were housed in a temperature-
controlled environment (23 � 2 �C) with free access to water and
chow under a 12-h/12-h light/dark cycle. Every effort was made to
minimize the use of the animals and their discomfort. Animal
Health status including body weight measurement, behavior
observation and responses to external stimuli, was checked daily.

2.3. Generation of knockin mice

The two gene knockin mouse stains harboring cGPX4
(R26cGPX4/cGPX4, project No. KICMS181221LY4) and iGPX4
(R26iGPX4/iGPX4, project No. KICMS170117PL1) respectively
were generated by Cas9/CRISPR-mediated genome editing
showing the cell death in liver tissue of R26WT/WT and R26cGPX4/cGPX4 mice

nuclei. Scale bars, 100 mm. (F, G) The levels of MDA (F), GSH and SOD

Chow or MCD (n Z 3 per group). (H) Serum ALT and AST levels in R2

(n Z 4 per group). (I) MAFLD activity score calculated based on H&E sta

normal Chow diet (nZ 4 per group). Scale bars, 100 mm. (J) Immunohistoc

mice fed a MCD or a normal Chow diet (n Z 4 per group). Scale bar, 1

staining (K) and Sirius Red staining (L). Quantitative analyses were perfo

mean � SEM. Data were analyzed by two-way ANOVA followed by Tuke

vs. R26WT/WT mice þ MCD. NS, no significance.
(Cyagen Biosciences, Santa Clara, CA, USA). For R26cGPX4/cGPX4

and R26iGPX4/iGPX4 mice generation, the “CAG-mouse cGPX4
cDNA (NM_008162.3)-polyA” cassette and “CAG-mouse iGPX4
cDNA (NM_001037741.3)-polyA” cassettes were inserted into
intron 1 of Rosa26 respectively under the guide of gDNA. The
homology arms were generated by PCR using BAC clone as
template. The pups were genotyped by PCR followed by
sequencing analysis confirmation for positive targeting, which
was further verified by Southern blot. See Supporting Information
Fig. S3AeS3D (R26cGPX4/cGPX4) and Fig. S4AeS4D
(R26iGPX4/iGPX4) for more detailed information on the two
strains of knockin mice. These mice were backcrossed for at
least six generations with C57BL/6J mice (Vital River
Laboratories).

2.4. Generation of a polyclonal antibody against iGPX4 isoform

The polyclonal antibody specifically against iGPX4 isoform was
developed by GeneScript (NJ, USA). Briefly, the lyophilized
synthesized amino acids sequence SPRKRPGPRRRKARC (Lot.:
C170GEG170-1) conjugated with KLH were injected into New
Zealand Rabbit and the pre-immune serum was collected and then
affinity-purified antibody was produced. The final concentration of
the generated affinity-purified antibody against iGPX4 isoform is
0.118 mg/mL.

2.5. High fat-fructose/sucrose diet (HFFD)-induced MAFLD
model

A mouse model of MAFLD was established by feeding the 8-
week-old male mice with a HFFD diet (20% protein, 60% fat, and
20% carbohydrates; D12942; Research Diets, NJ, USA) for 16
weeks. The mice received a high fructose/sucrose solution (55%
fructose and 45% sucrose) ad libitum to promote the development
of MAFLD31. Mice were fed a normal chow diet (4% fat, 78%
carbohydrate and 18% protein) and normal water served as control
mice.

2.6. Methionine/choline-deficient diet (MCD)-induced MAFLD
model

Another mouse model of MAFLD was established by feeding the
8-week-old male mice a MCD diet (A02082002B; Research Diets,
NJ, USA) for 4 weeks. Mice were fed a normal chow diet and pure
water served as controls.

2.7. Statistical analysis

All experimental values are presented as the mean � standard
error of mean (SEM). Results analysis was performed using
GraphPad Prism 8.0 (La Jolla, CA, USA) using unpaired t-test or
analysis of variance (ANOVA) followed by Tukey post hoc test.
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Figure 4 Knockin of iGPX4 promotes ferroptosis in MAFLD murine model. (A) Scheme illustrating experimental design for comparing MCD-

induced MAFLD pathologies between R26WT/WT and R26iGPX4/iGPX4 mice. (B) The Fe2þ level in liver tissues from R26WT/WT and R26iGPX4/iGPX4

mice fed MCD or normal chow (nZ 5 per group). (C) The levels of MDA, GSH and SOD in liver tissues from R26WT/WT and R26iGPX4/iGPX4 mice

fed MCD or normal chow (n Z 4e5 per group). (D) Immunoblotting analyses of 3-nitrotyrosine and 4-HNE protein adducts in liver from

R26WT/WT and R26iGPX4/iGPX4 mice under Chow or MCD conditions (n Z 3 per group). (E) ROS production in liver from R26WT/WT and

R26iGPX4/iGPX4 mice fed MCD or normal chow (n Z 6 per group). Scale bar, 100 mm. (F) PI staining showing the cell death in liver tissue of

R26WT/WT and R26iGPX4/iGPX4 mice fed MCD or normal chow. DAPI was used to label nuclei (n Z 8 per group). Scale bars, 100 mm. (G)

Immunoblotting analyses of ferroptosis-associated proteins Ferritin, Transferrin, TFR1, ZIP14, ACSL4 and ALOX15 in liver from R26WT/WT and

R26iGPX4/iGPX4 mice fed MCD or normal chow. nZ 3 per group. Data are presented as mean � SEM and analyzed by two-way ANOVA followed

by Tukey’s post hoc test; *P < 0.05, **P < 0.01 vs. Chow; #P < 0.05, ##P < 0.01 vs. R26WT/WT mice þ MCD. NS, no significance.
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Figure 5 Knockin of iGPX4 exacerbates liver damage in MAFLD model. (A, B) Immunofluorescence (A) and immunohistochemistry (B)

TUNEL assays in liver tissues from R26WT/WT and R26iGPX4/iGPX4 mice under Chow or MCD conditions (n Z 3 per group). Scale bars, 100 mm.

(C) H&E staining and MAFLD activity score in liver tissues from R26WT/WT and R26iGPX4/iGPX4 mice under Chow or MCD conditions (n Z 3 per

group). Scale bar, 100 mm. (D) Immunohistochemistry staining of F4/80 in liver tissues from R26WT/WT and R26iGPX4/iGPX4 mice under Chow or

MCD conditions (n Z 3 per group). Scale bar, 100 mm. (E) Liver fibrosis was determined by Masson’s trichrome staining, a-SMA immuno-

histochemistry staining and Sirius Red staining in liver tissues from R26WT/WT and R26iGPX4/iGPX4 mice under Chow or MCD conditions (n Z 3

per group). Scale bar, 100 mm. (F) Serum ALT and AST levels in R26WT/WT and R26iGPX4/iGPX4 mice under Chow or MCD conditions (n Z 5 per

group). (GeJ) Heatmap derived from RNA-sequencing assay indicating the altered genes (red, upregulated; blue, downregulated) involved in

glutathione and glutamine metabolism, cell survival a prolifendration, fibrosis and inflammation between R26iGPX4/iGPX4 mice and R26WT/WT mice

liver tissues under MCD condition (n Z 4 per group). Criteria: a fold change >1.5 and a corresponding adjusted P value < 0.05. Data are

presented as mean � SEM. Data was analyzed two-way ANOVA followed by Tukey’s HSD test or unpaired t-test; **P < 0.01 vs. Chow;
#P < 0.05, ##P < 0.01 vs. R26WT/WT mice þ MCD. NS, no significance.

A novel inducible GPX4 isoform as a therapeutic target for MAFLD 3657



Figure 6 cGPX4 and iGPX4 isoforms have opposing effects on ROS production and ferroptosis in hepatocytes upon lipid stress. (A)

Immunoblotting confirms the overexpression of cGPX4 and iGPX4 in AML12 hepatocytes transfected with pcDNA3.1-cGPX4 and pcDNA3.1-

iGPX4 respectively. The anti-Pan-GPX4 antibody was used in left panel and the specific antibody against iGPX4 generated by us was used in right

panel (n Z 3 per group). (B, C) Fe2þ pool in AML12 hepatocytes was determined by immunofluorence analysis (B) and flow cytometry analysis

(C). AML12 hepatocytes were transfected with pcDNA3.1-cGPX4 and pcDNA3.1-iGPX4 and then stimulated under methionine- and choline-

deficient medium (MCDM). Calcein-AM probe was added into the medium (final concentration: 10 mol/L) for 30 min to monitorm the Fe2þ

pool under confocal microscopy or evaluated with flow cytometry (n Z 6e8 per group). Scale bar, 100 mm. (D, E) ROS level in AML12
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For nonparametric data such as MAFLD activity score,
ManneWhitney U test was performed. A P value < 0.05 was
considered to be significant.

See other methods in Supporting Information.

3. Results

3.1. Ferroptosis is triggered in liver tissue of MAFLD patients

To decipher the involvement of ferroptosis in clinical MAFLD,
normal liver tissues were collected from 14 individuals with
(n Z 7) or without MAFLD (control, n Z 7). These patients un-
derwent hepatectomy due to hepatolithiasis, liver trauma or hepatic
haemangioma. The anthropometric information of these patients
was shown in Supporting Information Fig. S1A. The morphological
characterization of MAFLD was confirmed under visual inspection
during the hepatectomy and histology analysis using H&E staining
(Fig. 1A). The level of lipid peroxidation marker malondialdehyde
(MDA) was elevated, whereas activity of total superoxide dismutase
(SOD) and total antioxidant capacity (TAC) were decreased in liver
tissues from MAFLD patients (Fig. 1B). Immunohistochemistry
staining of 3-nitrotyrosine, a marker of peroxynitrite-mediated
nitration, showed a much higher nitration of amino acid residues
in liver tissue of MAFLD patients (Fig. 1C). Both immunoblotting
and immunohistochemistry analyses in human MAFLD liver tissues
demonstrated a significantly elevated level of 4-hydroxynonenal (4-
HNE), produced following lipid peroxidation and formation of
stable 4-HNE-protein adducts (Fig. 1D and E). The mRNA levels of
NADPH oxidase 1 (NOX1) and NOX4 were also higher in livers
from MAFLD patients (Fig. 1F). These denoted evident lipid per-
oxidation in liver tissues of MAFLD patients.

To better define the ferroptosis-related iron profile, we
quantified levels of several iron-associated factors. The mRNA
levels of transferrin, ferritin heavy chain (FTH ) and ferritin
light chain (FTL) were significantly higher in MAFLD patient
livers compared with those from controls (Fig. 1G). At protein
level, significant higher levels of ferritin and transferrin were
detected using immunoblotting and immunohistochemistry
respectively (Fig. 1H and Fig. S1B). Next, we measured mRNA
levels of ferroptosis protector GPX4. Although there is no pre-
vious information on the four known GPX4 transcript variants in
liver, we examined them in human liver tissues using quantita-
tive PCR (qPCR) analysis. We designed specific primers tar-
geting variants 1, 2 and 3, which encodes isoform A, B and C,
respectively (Supporting Information Fig. S2A) and determined
their mRNA expression in human liver tissue. It was found that
GPX4 isoform A (cGPX4) and isoform C (nGPX4) had com-
parable mRNA levels, while isoform B was expressed at a level
much lower (Fig. S2B). We chose to further investigate cGPX4
and nGPX4 in human liver tissue. Unexpectedly, cGPX4 mRNA
hepatocytes was determined by flow cytometry analysis (D) and immun

pcDNA3.1-cGPX4 and pcDNA3.1-iGPX4 and then stimulated under MCD

In immunofluorence analysis, DCFH-DA (5 mmol/L) and Mitotracker-Red

(n Z 6e8 per group). The DCFH-DA fluorescence (green) and mitocho

microscopy. Scale bar, 100 mm. (F) The levels of GSH and MDA in AM

iGPX4 plasmids respectively under normal culture medium or MCDM (n

4-HNE, ACSL4, ALOX15 and Transferrin in AML12 hepatocytes transfec

under normal culture medium or MCDM (n Z 3 per group). (I) The leve

pcDNA3.1-iGPX4 plasmids with or without ferroptosis inhibitor Fer-1 (100

Data are presented as mean � SEM and analyzed by two-way ANOVA foll
levels did not differ in individuals with or without MAFLD
(Fig. 1I). In contrast, the mRNA level of nGPX4 in MAFLD
patient liver tissues was 3.5-fold higher than that in control
subjects (Fig. 1I). Immunoblotting analysis using an anti-pan-
GPX4 antibody showed that cGPX4 was downregulated while
nGPX4 was upregulated in MAFLD patient liver tissues
(Fig. 1J). These results indicate that ferroptosis is comprehen-
sively triggered in liver tissue of MAFLD patients, and the
modulation of GPX4 upon MAFLD condition seems far more
complex than previously reported29,30.

3.2. Identification of a novel inducible GPX4 alternative
isoform triggered upon lipid peroxidation stress

To ascertain the change of GPX4 isoforms in liver under MAFLD
condition, we evaluated levels of GPX4 isoforms in experimental
MAFLD murine models evoked by either 16-week HFFD or
4-week MCD, two well-established animal models for MAFLD32.
Similar to our observation in MAFLD patients, mRNA expression
of cGPX4 was unaffected although that of nGPX4 was signifi-
cantly induced in livers from HFFD- and MCD-fed mice
(Fig. 2A), suggesting that the transcription of nGPX4 may be
triggered in the face of MAFLD condition in both human and
mice. Similar effects were observed in cultured AML12 hepato-
cytes (Fig. S2C). Immunoblotting with a pan-GPX4 antibody
showed that nGPX4 was significantly upregulated, whereas
cGPX4 was downregulated in the liver tissues of HFFD- or MCD-
fed mice (Fig. 2B).

Since there is no commercial antibody can specifically
discriminate the nGPX4 isoform from other isoforms, we
generated a rabbit polyclonal antibody specifically against the
amino acid sequence (SPRKRPGPRRRKARC) within N-termi-
nal of mouse nGPX4. With this antibody, we found that the
nGPX4 was expressed abundantly in mouse heart and moderately
in liver and kidney using this antibody (Fig. 2C). By contrast,
testis, epididymis and adipose did not express high levels of
nGPX4 (Fig. 2C), which is different from previous report
showing it was mainly expressed in sperms19. We next evaluated
the distribution of nGPX4 in cultured hepatocytes and liver tis-
sues using this antibody. Immunofluorescent staining in
AML12 cells showed that the nGPX4 isoform was expressed
in both nucleus and cytoplasm in normal condition, but was
detected mainly in cytoplasm upon PA stress condition (Fig. 2D).
In mice liver sections, most of iGPX4 was detected in cytoplasm
in both normal and stress conditions (Fig. 2E). Moreover, it is
notable that expression of iGPX4 in HFFD-fed mice liver was
largely enhanced compared with that in chow-fed mice liver,
suggesting an induction of iGPX4 (Fig. 2E). Further, we gener-
ated plasmids carrying Flag-tagged cGPX4 and nGPX4 and
transfected into AML-12 mouse hepatocytes for examination of
ofluorence analysis (E). AML12 hepatocytes were transfected with

M. In flow cytometry analysis, DCFH-DA fluorescence was analyzed.

-CMXRos dyes (200 nmol/L) were added into the medium for 30 min

ndrial fluorescence (red) were visualized under a FV1000 confocal

L12 hepatocytes transfected with pcDNA3.1-cGPX4 and pcDNA3.1-

Z 4 per group). (G, H) Immunoblotting analyses of 3-nitrotyrosine,

ted with plasmid of pcDNA3.1-cGPX4 (G) or pcDNA3.1-iGPX4 (H)

ls of GSH activity and MDA in AML12 hepatocytes transfected with

nmol/L) under normal culture medium or MCDM (n Z 4 per group).

owed by Tukey’s post hoc test; *P < 0.05, **P < 0.01, ***P < 0.001.
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distribution of fusion protein using Flag-tag probe. Immunoflu-
orescent staining showed that the forced-expressed nGPX4 pro-
tein was mainly localized in nucleus under normal condition but
re-distributed into cytosols upon PA challenge (Fig. 2F). Immu-
noblotting analysis also showed that the forced-expressed cGPX4
was validated in both cytosol and nucleus, and was down-
regulated upon palmitic acid (PA) stress, an in vitro MAFLD
model (Fig. 2G). The forced-expressed nGPX4 was observed in
nucleus under normal condition but was significantly induced in
cytosol extracts upon PA (Fig. 2G). Considering the fact that the
name nGPX4 may not reflect its feature and it was obviously
triggered upon lipid stress, we termed this GPX4 isoform as
“inducible-GPX4” (iGPX4).

3.3. Isoform cGPX4 inhibits ferroptosis and protects against
MAFLD in mice

Individual mammalian genes often produce multiple protein iso-
forms with similar, distinct or even opposing biological actions
through alternative splicing or transcription start-site switching33. To
explore the biological functions of the two GPX4 alternative iso-
forms cGPX4 and iGPX4 in ferroptosis regulation under MAFLD
condition, we employed the CRISPR/Cas9 system-based Rosa26
insertion technology to generate two strains ofmice, inwhich cGPX4
and iGPX4 were knocked in (herein referred as R26cGPX4/cGPX4mice
and R26iGPX4/iGPX4mice). In R26cGPX4/cGPX4mice, we confirmed the
genotype (Supporting Information Fig. S3AeS3D) and the knockin-
mediate specific overexpression of cGPX4 isoform (Fig. S3E) in
liver. R26cGPX4/cGPX4mice and age-matched wild-type mice (R26WT/

WT mice) were fed normal chow or MCD for 4 weeks to establish
MAFLD (Fig. 3A). MCD induced body weight loss in R26WT/WT

mice and to a much lesser degree, in R26cGPX4/cGPX4 mice (Fig. 3B).
Knockin of cGPX4 isoform not only successfully inhibited elevated
intracellular Fe2þ levels (Fig. 3C and Fig. S3F), but also suppressed
protein expression of pro-ferroptosis factors including ACSL4,
ALOX15, ferritin, transferrin, 3-nitrotyrosine, 4-HNE, TFR1 and
ZIP14 (Fig. 3D and Fig. S3G). The R26cGPX4/cGPX4 mice displayed
reduced number of PI-positive dead cell number (Fig. 3E), decreased
MDA (Fig. 3F), and increasedGSH and SOD (Fig. 3G). Accordingly,
liver injury upon MCD stress was blunted in R26cGPX4/cGPX4mice as
opposed to R26WT/WT mice, as evidenced by alleviated serum ALT
and AST levels (Fig. 3H), MAFLD activity score (Fig. 3I), macro-
phage infiltration (F4/80þ, Fig. 3J) and liver fibrosis (showed by
Masson’s trichrome staining [Fig. 3K] and Sirius Red staining
[Fig. 3L]). The pro-inflammatory factors IL-1b and TNF-awere also
attenuated in R26cGPX4/cGPX4 mice in comparison with those in
R26WT/WT mice (Fig. S3H). These results are in line with consensus
that GPX4 inhibits ferroptosis, highlighting the protective action of
cGPX4 in MAFLD.

3.4. Isoform iGPX4 fuels ferroptosis in MAFLD model

Next, we examined the functional role of iGPX4 in MAFLD mouse
model. Isoform iGPX4 was successfully knocked into mice
(R26iGPX4/iGPX4 mice, Supporting Information Fig. S4AeS4E). The
R26iGPX4/iGPX4 and aged-matched R26WT/WT mice were challenged
withMCD for 4weeks (Fig. 4A). UponMCD challenge, the decrease
of body and liver weight (Fig. S4F) was comparable between
R26iGPX4/iGPX4 and R26WT/WT mice. MCD treatment evoked an
elevation of Fe2þ content in R26WT/WT mouse liver and, to a greater
extent, inR26iGPX4/iGPX4mice (Fig. 4B and Fig. S4G).MCD-induced
increases of MDA and depletion of GSH, SOD in liver tissue was
more pronounced inR26iGPX4/iGPX4mice (Fig. 4C). In linewith these
data, the increased lipid peroxidation markers 3-nitrotyrosine and 4-
HNE were more pronounced in R26iGPX4/iGPX4 mice compared with
R26WT/WT mice in both chow and MCD conditions (Fig. 4D).
Dihydroethidium fluorescence assay demonstrated a higher ROS
level in liver tissue of R26iGPX4/iGPX4 mice (Fig. 4E). PI staining
demonstrated that the cell death in R26iGPX4/iGPX4 mice liver was
more pronounced than that in R26WT/WT mice (Fig. 4F). Numerous
pro-ferroptosis factor, including ACSL4, ALOX15, ferritin, trans-
ferrin, TFR1 and ZIP14, were upregulated in R26WT/WT mice upon
MCD and, to a much greater extent inR26iGPX4/iGPX4mice (Fig. 4G).
R26iGPX4/iGPX4 mice displayed higher expression of TNF-a and
VCAM-1 in liver tissue (Fig. S4H). These results suggest that
knockin of iGPX4 isoform does not inhibit, but rather promotes
ferroptosis in MAFLD mouse model.

3.5. Isoform iGPX4 aggravates glutathione/glutamine
depletion, liver fibrosis and inflammation in MAFLD model

We further investigated if the hyperactive ferroptosis in
R26iGPX4/iGPX4 mice would result in a more serious liver damage.
Using immunofluorescence and immunohistochemistry TUNEL
assays, R26iGPX4/iGPX4 mice were found to exhibit more evident
DNA fragmentation (Fig. 5A and B). Histological analyses
demonstrated the MAFLD activity score (Fig. 5C) and macro-
phage infiltration (Fig. 5D) were worsened in R26iGPX4/iGPX4 mice
compared with R26WT/WT mice. Masson’s trichrome staining,
a-smooth muscle actin (a-SMA) immunohistochemistry staining
and Sirius Red staining showed that MCD-induced liver fibrosis
was accelerated in R26iGPX4/iGPX4 mice (Fig. 5E). Similar results
were observed in serum ALT and AST levels (Fig. 5F). To pro-
vide more information on the aggravated liver damage in
R26iGPX4/iGPX4 mice relative to R26WT/WT mice upon MCD, an
RNA-sequencing analysis was applied to compare the gene
change profile in liver between them. We found the altered genes
include those controlling glutathione and glutamine metabolism
(e.g., Gstt3, Gstm4, Gsta1, Gsta2, Gsr, Gstp1, Gsta4, Gclc,
Pagr1a, Nags, Hmgcs1, Cyp4a12a and Cyp51, Fig. 5G), cell
survival/proliferation (e.g., Foxq1, Stat1, Hspd1 and Nsdhl,
Fig. 5H), liver fibrosis (Timp1, Col1a1 and Col1a2, Fig. 5I) and
pro-inflammation (Nlrc3, Cx3cr1, Cxcr6 and Tnfr-sf4, Fig. 5J).
These data support the more pronounced MCD-induced liver
glutathione depletion, and steatohepatitis or liver damage in
R26iGPX4/iGPX4 mice than in R26WT/WT mice.

To confirm the role of iGPX4 in another MAFLD mouse
model, R26iGPX4/iGPX4 and R26WT/WT mice were treated with
HFFD for 16 weeks. Lipid peroxidation markers 3-nitrotyrosine,
4-HNE and ALOX15 in R26iGPX4/iGPX4 mice liver were signifi-
cantly higher than that in R26WT/WT mice (Supporting Information
Fig. S5A). Similar result was observed in MDA level (Fig. S5B)
and ROS production (Fig. S5C). R26iGPX4/iGPX4 mice had more
serious liver damage, evidenced by the results of serum ALT and
AST activities (Fig. S5D), MAFLD activity score (Fig. S5E) and
liver fibrosis (Fig. S5F). Thus, we conclude that ferroptosis is
fueled by the iGPX4 isoform, which further aggravates liver
damage in MAFLD condition.

3.6. Isoforms of cGPX4 and iGPX4 display opposing effects on
ROS production and ferroptosis in hepatocytes

To consolidate the detrimental role of iGPX4 isoform on liver
injury, iGPX4 isoform was delivered in AML12 mouse
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hepatocytes exposed to MCDM. The plasmids carrying cGPX4
and iGPX4 isoforms were transfected into AML12 cells, and
forced-expression of cGPX4 and iGPX4 was confirmed by
immunoblotting (Fig. 6A). We used Calcein-AM probe, a
fluorescein-derived dye with green fluorescence that is quenched
Figure 7 Knockdown of iGPX4 isoform alleviates ferroptosis and lipid

of siRNAs targeting to iGPX4. (B) Efficiency of knockdown of iGPX4 b

loading control (n Z 3 per group). (C) Oil Red O staining showing the lipi
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100 mm. (F) Immunoblotting showing the levels of MDA, TFR and ACSL4

siRNA (n Z 3 per group). Data are presented as mean � SEM, one way
upon binding to ferrous ion (Fe2þ), to monitor the intracellular
labile iron pool (LIP)34. The AML12 cells cultured with MCDM
showed a remarkable reduction in fluorescence, suggesting an
increased LIP (Fig. 6B). Overexpression of cGPX4 partially
restored, whereas overexpression of iGPX4 decreased the Calcein-
oxidation in an in vitro MAFLD model. (A) Oligonucleotide sequence

y siRNA was confirmed by immunoblotting. GAPDH was used as a

d content (red) induced by MCDM was largely prevented by knocking

ining of with C11 BODIPY 581/591 probe showing the lipid oxidation

PX4 with siRNA (nZ 6 per group). Scale bar, 100 mm. (E) Staining of

ce that is quenched upon binding to ferrous ion (Fe2þ) showing the

knocking down of iGPX4 with siRNA (n Z 6 per group). Scale bar,

induced by MCDM were attenuated by knocking down of iGPX4 with

-ANOVA was performed; **P < 0.01 vs. MCDM.



Figure 8 Isoform iGPX4 interacts with cGPX4 and promotes cGPX4 oligomerization to facilitate ferroptosis upon lipid stress. (A) Immu-

noblotting analysis with an anti-Pan-GPX4 antibody showing GPX4 oligomerization by comparing the cGPX4 monomer (w19 kDa) and

oligomers (>50 kDa) in the liver tissues of mice fed normal chow diet, HFFD and MCD diet (left panel), as well as in AML12 hepatocytes

stimulated under lipid stress by 4-HNE (20 mmol/L), PA (0.3 mmol/L) and MCDM (right panel). N-Acetyl-L-cysteine (NAC) was added into the

culture medium to block the effect of 4-HNE. For detecting the GPX4 oligomerization, sample were incubated at 30 �C with EGS (300 mmol/L, 15

min) and lyzed with RIPA buffer with 5 mol/L guanidine-HCl. (B) Flag-tagged cGPX4 was transfected into AML12 hepatocyte cell line and the

cells were stimulated with PA to evaluate the influence of lipid stress on cGPX4 oligomerization. The cGPX4 was detected with an antibody

against Flag. The band in w19 kDa (monomer cGPX4) was designated with an arrow. pcDNA3.1 was used as a vector. (C) Flag-tagged cGPX4
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AM fluorescence, indicating that cGPX4 and iGPX4 protects and
exacerbates, respectively, MCDM-induced iron overload
(Fig. 6B). Flow cytometer analysis on Calcein-AM fluorescence
intensity confirmed these results (Fig. 6C). In support of these,
flow cytometry analysis with DCFH-DA, a ROS fluorescent probe,
demonstrated that ROS production was inhibited by cGPX4
overexpression although it was enhanced by iGPX4 over-
expression (Fig. 6D). The mitochondrial ROS content was quan-
tified by observing the double fluorescence labeling with DCFH-
DA and Mito-Tracker Red-CMXRos dyes. We found the mito-
chondrial ROS was induced in MCD-treated hepatocytes, which
was attenuated by cGPX4 overexpression, but it was exacerbated
by iGPX4 overexpression (Fig. 6E). The MDA production and
loss in GSH upon MCDM challenge were inhibited by cGPX4 but
not iGPX4 overexpression (Fig. 6F). Immunoblotting analysis
demonstrated that the MCDM-induced ferroptosis markers
including 3-nitrotyrosine, 4-HNE, ACSL4, ALOX15 and trans-
ferrin, were inhibited by cGPX4 overexpression (Fig. 6G) but
deteriorated by iGPX4 overexpression (Fig. 6H). Notably,
administration of ferrostatin-1 (Fer-1), a ferroptosis inhibitor,
blocked the detrimental effects of iGPX4 on GSH activity and
MDA, favoring the notion that iGPX4 exerts its action in a lipid
peroxidation-dependent manner (Fig. 6I). The roles of cGPX4 and
iGPX4 isoforms were also compared in PA-induced MAFLD cell
model. The cGPX4 isoform reduced while iGPX4 isoform
enhanced LIP (Supporting Information Fig. S6A). Moreover,
cGPX4 isoform suppressed, whereas iGPX4 isoform elevated
MDA level (Fig. S6B). All these results indicated that cGPX4 and
iGPX4 exert opposite effects on ferroptosis in hepatocytes.

3.7. Knockdown of iGPX4 alleviates ROS, ferroptosis and cell
injury

We also used pooled two siRNAs (Fig. 7A) to further confirm the
detrimental action of iGPX4. These siRNAs successfully down-
regulated iGPX4 (Fig. 7B). MCDM was used to induce lipid stress
in cultured HepG2 cells. We found knockdown of iGPX4 signif-
icantly attenuated lipid content (Fig. 7C) and lipid oxidation
(Fig. 7D). Moreover, knockdown of iGPX4 reduced intracellular
liable iron pool (Fig. 7E). Finally, knockdown of iGPX4 alleviated
ferroptosis, evidenced by the decreased protein of MDA, TFR and
ACSL4 (Fig. 7F). These findings indicate that knockdown of
iGPX4 alleviates ROS, ferroptosis and cell injury.

3.8. Isoform iGPX4 interacts with cGPX4 and promotes cGPX4
oligomerization to facilitate ferroptosis upon lipid stress

Excess oxidative stress leads to GPX4 linear oligomerization,
yielding dead-end intermediates and oxidative inactivation of the
and HA-tagged iGPX4 were transfected into AML12 hepatocyte cell line

cGPX4 was detected with an antibody against Flag. The band in w19 kDa

analysis showing overexpression of iGPX4 (pcDNA3.1-iGPX4) antagonize

MDA and 4-HNE protein adducts in AML12 hepatocytes under PA stimu

overexpression-induced restoration of GSH activity in AML12 hepatocyte

and analyzed by one-way ANOVA followed by Tukey’s post hoc test; **

transfected into AML12 hepatocyte cell line to evaluate the interaction

whole cell lysate. Heavy chain and light chain were labeled. (G) A workin

ferroptosis control and hepatic damage in MAFLD. Lipid stress induces iG

cGPX4 from monomer (active) to oligomers (inactive). The isoform iGPX
enzyme35. To learn how the two isoforms function separately, we
determined the cGPX4 monomer and oligomers in MAFLD mice
liver using the antibody specific for cGPX4 rather than iGPX4. In
the liver tissues of HFFD- or MCD-treated mice, the cGPX4
monomer (w19 kDa) was reduced while the cGPX4 oligomers
(>50 kDa) were significantly enhanced (Fig. 8A, left). In cultured
AML12 hepatocytes, supplement of 4-HNE increased cGPX4
oligomers level, suggesting a direct oligomerization-promoting
action of lipid-hydroperoxides. This effect was partially pre-
vented by a well-established anti-oxidative agent N-acetyl-L-
cysteine (NAC, Fig. 8A, right).

To better illustrate the cGPX4 oligomerization, we transfected
AML12 hepatocytes with Flag-tagged cGPX4 and detected
cGPX4 with an antibody against Flag. Upon PA stress, the band
observed in w19 kDa site (cGPX4 monomer) was decreased
while the high-molecular weight bands (cGPX4 oligomers) were
increased (Fig. 8B). When the AML12 cells were transfected with
Flag-tagged cGPX4 and HA-tagged iGPX4, we found that forced-
overexpression of iGPX4 induced cGPX4 oligomerization
(Fig. 8C). Immunoblotting analysis showed that the MDA and
4-HNE levels in cells co-overexpressed of cGPX4 and iGPX4
were higher than those in cells overexpressed cGPX4 alone upon
PA stress (Fig. 8D). In agreement with this, cGPX4 of over-
expression increased the GSH levels upon PA stimulation,
whereas iGPX4 overexpression remarkably impaired this action
(Fig. 8E). Notably, in AML12 cells overexpressed with Flag-
tagged cGPX4 and HA-tagged iGPX4 simultaneously, co-
immunoprecipitation analysis showed a direct interaction be-
tween cGPX4 and iGPX4 (Fig. 8F). The iGPX4ecGPX4 inter-
action was further confirmed using co-immunoprecipitation and
nanoscale liquid chromatography coupled to tandem mass spec-
trometry (nano LCeMS/MS analysis (Supporting Information
Fig. S7A). Plasmids carrying Flag-cGPX4 and HA-iGPX4 were
co-transfected into PA-treated AML12 cells and the lysed cell
extracts were immunoprecipitated with an antibody against HA-
tag. After SDS-PAGE, the gel at the cGPX4 site was cut for
MS. Five peptides were detected (Fig. S7B and S7C). Four pep-
tides were within cGPX4 and iGPX4 (Fig. S7DeS7F), while one
peptide was only within cGPX4 (Fig. S7G). These results strongly
support the interaction between iGPX4 and cGPX4.
4. Discussion

Here, findings from our study provided compelling experimental
evidence for the coordinated modulation of ferroptosis by the
GPX4 canonical isoform (cGPX4) and inducible isoform (iGPX4)
in the pathogenesis of MAFLD (Fig. 8G). In vivo and in vitro
studies showed that knockin or overexpression of iGPX4 isoform
does not inhibit, but rather promotes ferroptosis and MAFLD.
to evaluate the influence of iGPX4 on cGPX4 oligomerization. The

(monomer cGPX4) was designated with an arrow. (D) Immunoblotting

d the cGPX4 overexpression (pcDNA3.1-cGPX4)-induced decrease of

li (0.3 mmol/L). (E) Overexpression of iGPX4 abolished the cGPX4

s under PA stimuli (0.3 mmol/L). Data are presented as mean � SEM

P < 0.01. (F) Flag-tagged cGPX4 and HA-tagged iGPX4 were co-

between iGPX4 and cGPX4 with co-immunoprecipitation. WCL,

g model for the functional regulation of GPX4 alternative isoforms in

PX4, which interacts with cGPX4 and facilitates the transformation of

4 promotes ferroptosis and deteriorate MFALD.
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This detrimental role of iGPX4 seems to be in contrary to the
conventional view that GPX4 should be a key safeguard against
lipid stress-induced ferroptosis, which was also confirmed by our
results using cGPX4-knockin mice. Mechanistically, we found
that iGPX4 isoform promoted cGPX4 oligomerization through
incorporating itself into enzymatic-inactive high-molecular-
weight GPX4 oligomers. Finally, co-immunoprecipitation and
mass spectrum analyses confirmed the interaction between iGPX4
and cGPX4. By revealing a detrimental role of iGPX4 in
ferroptosis-related disease that is in contrary to cGPX4, our
findings may add important knowledge to the ferroptosis signaling
transduction and regulation.

We provided evidence for the first time on the unconven-
tional role of nGPX4 as an inducible GPX4 isoform (iGPX4)
upon lipotoxicity stress in addition to its known nuclear GPX4
isoform in sperm. More importantly, the function of this isoform
in the face of hepatic lipid stress seems to be different from its
conventional function in sperm. Our experimental results in
cultured hepatocytes demonstrated a redistribution of iGPX4
isoform from nucleus to cytoplasm upon lipid stress. Notably,
we also found that cGPX4 was not restricted to mitochondria.
Given that membrane-derived extra-mitochondrial lipid peroxi-
dation drives ferroptosis6,36, the precise location where GPX4
exerts its anti-ferroptotic action remains an open question.
Moreover, all these in vitro results suggest that iGPX4 may not
only regulate sperm maturation in testis as a nuclear seleno-
cysteine enzyme, but also contribute to the pathophysiology
associated with lipotoxicity and ferroptosis in liver as a cytosol
effector. To this end, in vivo study with R26iGPX4/iGPX4 mice was
performed. To our surprise, the R26iGPX4/iGPX4 mice displayed
an aggravated ferroptosis, as well as the enhanced steatohepa-
titis, fibrosis and liver damage in both HFFD- and MCD-induced
MAFLD animal models. Our RNA-sequencing analysis noted
a disrupted metabolism on glutathione and glutamate in
R26iGPX4/iGPX4 mice upon MCD stimuli, supporting the notion
that defective glutamine fueling and glutathione generation
reprogramming are pivotal events in progression of MAFLD37.
The altered profile of glutathione and glutamate metabolism in
liver tissues from R26iGPX4/iGPX4 mice also confirmed involve-
ment of ferroptosis signaling in these mice in comparison with
the WT mice in the face of MCD challenge.

In accordance with the detrimental role of iGPX4 in MAFLD
development in vivo, overexpression of iGPX4 in hepatocytes
sustained the PA- or MCDM-induced ferroptosis. A rational
explanation is that iGPX4 isoform functions as a negative
regulator for cGPX4 in liver, the most important organ of GSH
synthesis4. This speculation was supported by the finding in the
present study that overexpression of iGPX4 directly down-
regulated cGPX4 monomer level and enhanced cGPX4 oligo-
merization. Generally speaking, downregulation of GPX4 has
long been considered as a prominent biomarker or biological cue
driving ferroptosis in human diseases such as ischemia38, renal
failure6, tumor39,40 and stroke41, yet few has explained the pre-
cise nature behind downregulated GPX4 protein. GPX4 level in
intestines was reported to be reduced by w90% within 15 min
upon ischemia/reperfusion stress38. Such quick decline of active
GPX4 (w19 kDa) protein level strongly suggests that there
might be a rapid degradation of GPX4 protein. In our hands, the
canonical GPX4 protein (w19 kDa), often deemed as the typical
‘GPX4’, was indeed downregulated in liver tissue from MAFLD
patients and two different MAFLD mouse models. GPX4
possesses biological activity as a monomer and forms enzymatic-
inactive oligomerization or polymerization upon excess oxida-
tive stress35. We noted that the oligomerization of cGPX4 was
substantially driven by lipid peroxidation in vivo and in vitro,
while overexpression of iGPX4 isoform further promoted this
phenomenon. These suggest that the iGPX4 isoform is not a
partner acting in concert with cGPX4 but conversely acts as an
antagonist in MAFLD condition. From a biological perspective,
this makes sense as iGPX4 isoform is quiescent and always kept
at low transcriptional level under normal condition but induced
upon specific stress and finally modulates cGPX4 status. Ac-
cording to our results, we speculate that iGPX4 mRNA may be
regulated by lipid stress at post-transcriptional level, which
needs further study.

Of note, we found only with the lysis buffer containing potent
chaotropic agents such as guanidine-HCl, the inactive high-
molecular cGPX4 oligomers can be detected using Western blot-
ting, while chaotropic agents are not commonly used for tissue lysis.
Thus, we consider the transformation of GPX4 from monomer to
oligomers may be neglected in previous works42. The total protein
was considered to be dissolved in the supernatant during lysis pro-
cess. GPX4 oligomers was undissolved and thus undetectable if
chaotropic agents (such as guanidine-HCl) was not added. So, if
researchers did not use chaotropic agents during lysis process, the
high-molecular-weight GPX4 oligomers/polymers were discarded,
and the total GPX4 protein level cannot be accurate. As chaotropic
agents were not commonly used in Western blotting, loss of GPX4
observed under various stimuli may not completely reflect the
authentic change of panGPX4 protein. Taking together, we postulate
that iGPX4 promotes the transformation of cGPX4 frommonomer to
oligomer, which decreases monomer cGPX4 level (w19 kDa) and
ultimately leads to cGPX4 inactivation.

Our results may have limitations. MCD diet is not a physio-
logical relevant diet for MAFLD. However, MCD diet is a clas-
sical method of inducing NASH43, which is the most rapidly
growing etiology for liver failure and indication for liver trans-
plantation worldwide. An MCD diet better mimicked the patho-
logical findings of severe human NASH than did other dietary
models. Inflammation, fibrosis and hepatocyte apoptosis in mice
fed a MCD diet developed much more quickly and severely than
those fed an HFD or Western diets43. However, the MCD model
has limitation due to that the mice fed an MCD diet always show
significant weight loss, low serum insulin, fasting glucose and did
not display insulin resistance. These disparities with the metabolic
profile of human NASH are uncontroversial flaws of MCD model.
Consequently, MCD is suitable study of cell death, inflammation
and fibrosis but not lipid/glucose hemostasis and insulin resis-
tance. Generally, two distinct MAFLD models should be con-
ducted to confirm the phenotypes. In the present work, we also
performed experiments in a HFFD-induced MAFLD model. This
model mimics the metabolic dysfunction, steatosis and Inflam-
mation in MAFLD very well31,44e46. All the biological function of
iGPX4 were confirmed in these two animal models, further vali-
dating the detrimental role of iGPX4 in MAFLD process. As
ferroptosis is only critical for MAFLD, but also highly involved in
acetaminophen-induced acute liver injury47, alcoholic liver dis-
ease48, hepatic ischemiaereperfusion injury in liver trans-
plantation49 and liver fibrosis50, our findings on GPX4 isoforms
switch in ferroptosis regulation would open a new perspective for
potential to manipulate ferroptosis as a therapeutic strategy in liver
disorders.
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5. Conclusions

In summary, data presented in this study reveal for the first time
that an iGPX4 isoform contributes to ferroptosis modulation and
hepatic damage through antagonizing the function of cGPX4 in
MAFLD. These findings suggest that targeting iGPX4 isoform
may be a promising strategy for MAFLD treatment.
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