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Abstract

Background and Purpose Ferroptosis is a new form of cell death discovered in recent years. PH is a pulmonary circulatory disease
partially characterized by small pulmonary vessel remodeling and fibrosis. However, researchers have not clearly determined
whether ferroptosis is involved in PH. Here, this study examined the role and regulatory mechanism of ferroptosis in PH
and pulmonary fibrosis. Experimental Approach To evaluate the occurrence of ferroptosis in rat PH models and in hypoxic
PASMCs, MDA, GSH and iron assay were performed. The therapeutic potential of ferroptosis inhibitor fer-1 was evaluated using
echocardiography, hemodynamic analysis and ventricular weight measurement in rat PH models. Ferroptosis-related molecule
was determined by western blotting and RT-PCR. Changes in autophagy and fibrosis were analyzed by western blotting analysis,
RT-PCR and immunofluorescence. Key Results Ferroptosis was existence in vivo and vitro PH models. The fer-1 significantly
improved the pathological symptoms of PH and inhibited the occurrence of pulmonary vascular fibrosis. GPX4 was significantly
lower expression in PH models, and serves as a key driver of PH-related ferroptosis. A KEGG pathway analysis and RT-PCR
detection revealed that GPX4 drives ferroptosis in an autophagy-dependent manner. The RIP experiment verified that WTAP
bound to the GPX4 pre-mRNA, induced m6A methylation and promoted its pre-mRNA degradation, thereby reducing the
expression of GPX4 in hypoxic PASMCs. Conclusion and Implications This study proposed ferroptosis as a novel form of
cell death in PH, and revealed the regulatory mechanism of the ferroptosis in PH, which is based on GPX4 m6A methylation
regulated by WTAP.
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Abstract

Background and Purpose

Ferroptosis is a new form of cell death discovered in recent years. PH is a pulmonary circulatory disease
partially characterized by small pulmonary vessel remodeling and fibrosis. However, researchers have not
clearly determined whether ferroptosis is involved in PH. Here, this study examined the role and regulatory
mechanism of ferroptosis in PH and pulmonary fibrosis.

Experimental Approach

To evaluate the occurrence of ferroptosis in rat PH models and in hypoxic PASMCs, MDA, GSH and
iron assay were performed. The therapeutic potential of ferroptosis inhibitor fer-1 was evaluated using
echocardiography, hemodynamic analysis and ventricular weight measurement in rat PH models. Ferroptosis-
related molecule was determined by western blotting and RT-PCR. Changes in autophagy and fibrosis were
analyzed by western blotting analysis, RT-PCR and immunofluorescence.

Key Results

Ferroptosis was existence in vivo and vitro PH models. The fer-1 significantly improved the pathological
symptoms of PH and inhibited the occurrence of pulmonary vascular fibrosis. GPX4 was significantly lower
expression in PH models, and serves as a key driver of PH-related ferroptosis. A KEGG pathway analysis
and RT-PCR detection revealed that GPX4 drives ferroptosis in an autophagy-dependent manner. The RIP
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experiment verified that WTAP bound to the GPX4 pre-mRNA, induced m6A methylation and promoted
its pre-mRNA degradation, thereby reducing the expression of GPX4 in hypoxic PASMCs.

Conclusion and Implications

This study proposed ferroptosis as a novel form of cell death in PH, and revealed the regulatory mechanism
of the ferroptosis in PH, which is based on GPX4 m6A methylation regulated by WTAP.

Keywords : Pulmonary artery hypertension; Ferroptosis; GPX4; fibrosis; autophagy; m6A methylation.

Abbreviations

GPX4: Glutathione peroxidase 4; GSH: glutathione; fer-1: ferrostatin-1; m6A: N6-methyladenosine;
METTL3: methyltransferase-like 3; METTL14: methyltransferase-like 14; PH: Pulmonary artery hyper-
tension; PASMCs: Pulmonary artery smooth muscle cells; WTAP: Wilms’ tumor-associated protein.

Introduction

PH is a type of pulmonary circulatory disease that is caused by an abnormal increase in pulmonary artery
pressure caused by various known or unknown factors, which ultimately leads to right heart failure(D’Alonzo
et al., 1991). The main pathological features are spasmodic contractions of the pulmonary artery, intimal
hyperplasia and remodeling, and a progressive increase in vascular resistance(Robinson, Pugliese, Fox, &
Badesch, 2016). In this pathological process, the excessive proliferation of PASMCs and resistance to apop-
tosis are the main causes of abnormal remodeling of the pulmonary artery and PH(Frump et al., 2021).
Importantly, excessive PASMCs proliferation promotes the switch of the cells from a static contraction
phenotype to a synthetic phenotype, which in turn increases the release of profibrotic factors to drive fibro-
sis(Samokhin et al., 2018; Zhou et al., 2021). However, the underlying molecular mechanism involved in the
regulation of PH by PASMCs and fibrosis remains unclear.

Ferroptosis is a new form of adjustable programmed cell death that occurs due to the excessive accumulation
of iron-dependent lipid reactive oxygen species in the cell(Xie et al., 2016). In contrast to other cell death
pathways, such as apoptosis, necrosis and pyroptosis, it has none of the morphological characteristics or
phenomena of apoptosis(Mou et al., 2019). It is mainly characterized by the accumulation of lipid reactive
oxygen species and iron and the obvious shrinkage of mitochondria with increased membrane density(Dixon
et al., 2012). Therefore, the detection of lipid metabolism and iron and glutathione contents are the three
effective gold standard indicators to identify ferroptosis. In recent years, an increasing number of studies
have found that ferroptosis is closely related to a variety of human diseases. Notably, ferroptosis has been
found in many lung diseases, including pulmonary fibrosis, lung cancer and acute lung injury(P. Liu et al.,
2020; Rashidipour et al., 2020; Xia, Fan, Zhao, & Zhu, 2019). However, studies have not determined whether
ferroptosis is involved in the process of PH.

The occurrence of ferroptosis is mainly due to the accumulation of lipid peroxides caused by the inactivation
of the lipid repair enzyme GPX4, which drives cell death(Ursini & Maiorino, 2020). Thus, GPX4 may play
a crucial role as a key regulatory factor. Intracellular inactivation of GPX4 is mainly due to the inhibition of
the cystine/glutamate antiporter system, which leads to the depletion and subsequent inactivation of GSH,
which triggers the accumulation of lipid reactive oxygen species (ROS) and finally leads to ferroptosis(Sato
et al., 2018). According to reports by Enyong Dai et al., GPX4 may be a prognostic indicator of pancreatic
cancer, and the absence of GPX4 might promote the invasion and activation of pancreatic tumors(Dai et al.,
2020). Therefore, studies of the regulatory mechanism of GPX4 are the key to solving ferroptosis-related
diseases.

In this study, we first observed ferroptosis in PH models in vivo and in vitro. GPX4, the key factor in
ferroptosis, was involved in regulating the pathophysiological process of PH through autophagy-dependent
ferroptosis and finally led to the occurrence of pulmonary fibrosis. Moreover, we identified for the first time
that WTAP bound to the GPX4 pre-mRNA and caused its degradation, thereby reducing the expression of
the GPX4 protein to induce ferroptosis. Our results reveal new mechanisms and signaling pathways related
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. to ferroptosis in hypoxic PASMCs, which provide potentially novel targets for the diagnosis and treatment
of PH.

Materials and Methods

Hypoxia-induced PH model

Adult male Wistar rats with an average body weight of 130 g were used in this study and were collected from
the Experimental Animal Center of Harbin Medical University. All animal experiments were conducted in
strict accordance with the guidelines for the management and use of laboratory animals and were approved
by the Animal Control and Use Committee (approval number by Animal Committee: HMUDQ20210308001).
A controlled environment with an ambient temperature of 22–24°C, relative humidity of 50%, and a light-
dark cycle of 12 h was provided, as well as food and water to all mice. Wistar rats were randomly divided
into three groups: normal, hypoxia, and hypoxia plus ferroptosis inhibitor ferrostatin-1 (fer-1) (2.5 μmol/kg,
intraperitoneal injection once daily, for 21 days). The model rats were housed in normal and hypoxic
environments for 21 days with a fractional inspired oxygen (FiO2) of 0.21 and 0.12, respectively. After 3
weeks, rats were anesthetized by pentobarbital (50 mg/kg, intraperitoneal), and pain was minimized, as
described previously(L. Zhang et al., 2020). PH and pulmonary vascular remodeling were assessed, and the
lungs were quickly removed.

PASMCs culture

The lung tissue of adult Wistar rats (100 ˜ 150 g) was extracted. Rats were anaesthetized with

pentobarbital (50 mg/kg, intraperitoneal), and sacrificed by cervical dislocation, as described previously(L.
Zhang et al., 2020). The pulmonary artery was carefully peeled off under a microscope, and the tissue mass
was digested with 2 mg/ml collagenase II (Sigma, c6885). After fully digesting the tissue block in a 37°C cell
incubator, the cell pellet was collected by centrifugation and placed in medium containing 20% fetal bovine
serum and 1% penicillin and streptomycin. The cells were cultured in a cell incubator at 37°C with 5% CO2
for 2-3 days to observe the cell morphology and identify smooth muscle cells. Hypoxic cells were cultured in
a Tri-GAS incubator and incubated with a gas mixture containing 92% N2, 5% CO2, and 3% O2 for 24 h.

Antibodies and reagents

The following antibodies and reagents were used: anti-GPX4 (Boster, BM5231), anti-Fibronectin (Boster,
BA1772), anti-Collagen-III (Bioss, bs-0549R), anti-WTAP (Santa Cruz Biotechnology, sc-374280), anti-
METTL3 (Abcam, ab195352), anti-METTL14 (Bioss, bs-17608R), anti-ALKBH5(Proteintech, 16837-1-AP),
anti-FTO (Bioss, bs-7056R), ferrostatin-1 (fer-1)(Selleck, S7243), Erastin, RSL3(Selleck, S8155), Z-VAD-
FMK(Selleck, S7023) and Necrosulfonamide (Selleck, S8251).

siRNA and plasmid construction

PASMCs were transfected with small interfering RNAs that were designed and synthesized by GenePharma
(Shanghai, China) to silence the expression of GPX4, and a nontargeted control siRNA (NC) was used as a
negative control. The sequences of siRNAs were as follows: si-GPX4: 5’-CCGAGUGUGGUUUACGAAUTT-
3’, 3’-AUUCGUAAACCACACUCGGTT-5’; si-WTAP-1: 5’-GCGAAGUGUCGAAUGCUUATT-
3’, 3’-UAAGCAUUCGACACUUCGCTT-5’; si-WTAP-2: 5’-GCUGUCCCAGGGCCGUAUUTT-
3’, 3’-AAUACGGCCCUGGGACAGCTT-5’; si-NC: 5’-UUCUUCGAACGUGUCACGUTT-3’, 3’-
TTAAGAGGCUUGCACAGUGCA-5’. The GPX4 (NM 001039849.3) plasmid and control plasmid
were designed by GeneChem (Shanghai, China) and verified by sequencing.

Western blot analysis

The pulmonary arterial tissues of model rats and PASMCs were homogenized and solubilized and extracted
with lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, and 2 mM PMSF).
The cells or tissues were incubated on ice for 5 minutes, scraped carefully with a scraper, and centrifuged
at 13500 rpm for 15 minutes at 4degC , and the supernatant was extracted. Protein extracts (30-50 g) were
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. collected and diluted with a 1:4 ratio of 5xSDS loading buffer: protein extract, mixed with a scroll burner,
boiled in a sample boiler at 100degC for 5 minutes, and stored at -80degC until use. The protein samples
were fractionated using SDS-PAGE (10% polyacrylamide gels). The main antibodies against GPX4 (1:200),
WTAP (1:200), METTL3 (1:1000), METTL14 (1:1000), ALKBH5 (1:1000), FTO (1:500), BECN1 (1:500),
LC3B (1:1000), ATG5 (1:500), Fibronectin (1:1000), Collagen-III (1,1000) and LaminB1 (1,1000) were used,
and β-actin (1:2000) was used as an internal reference protein control.

RT-PCR

Total RNA was extracted with TRIzol reagent and then reverse transcribed with a Golden 1st cDNA
synthesis kit. Finally, the target gene was amplified in a Roche LightCycler 480 (Roche, USA).
Primer sequences were as follows: β-actin rat (sense 5’-CAAGAAGGAAGGCTGGAAAA-3’, antisense
5’-AGGGAAATCGTGCGTGAC-3’), GPX4 rat (sense 5’-GAAGCAGGAGCCAGGGAGT-3’, antisense 5’-
ACGCAGCCGTTCTTGTCG3’), GPX4-preRNA rat (sense 5’ACGCAAGTCTGTAGCCCATC-3’, anti-
sense 5’-TACCAGTGCCCACATCACAC-3’), PTGS2 rat (sense 5’- CGAGGTGTATGTATGAGTGT-3’,
antisense 5’-AGTGGGTAAGTATGTAGTGC-3’), FTH1 rat (sense 5’-CGCCAGAACTACCACCAG-3’, an-
tisense 5’-TTCAAAGCCACATCATCG-3’), Slc7a11 rat (sense 5’- ATACATTCTGGAGGTCTT-3’, an-
tisense 5’- CAGGGTTGTCTACTTCTT-3’), Ascl4 rat (sense 5’- AAGCCAAATCCTTTCTCC-3’, anti-
sense 5’- TTCCCATTGTATTCGTCA-3’), BECN1 rat (sense 5’-AATGAATGAGGGCGACAG-3’, anti-
sense 5’-TCCATAGGGAACAAGTCG-3’), Atg5 rat (sense 5’-TTGAGGCTCACTTTATGTC-3’, antisense
5’-TCACCTGGCTCTTCTTCT-3’) and LC3B rat (sense 5’-ACCAAGCCTTCTTCCTCC-3’, antisense 5’-
GCTCTTCTATTTCAAGTCCCTA-3’). The relative expression levels of these mRNAs were analyzed using
the 2-t method.

Immunofluorescence

PASMCs were evenly seeded on glass slides. After transfection or drug administration, the cells were cultured
under normoxic or hypoxic conditions for 24 h. Cells were fixed with 4% paraformaldehyde at 4°C. The cells
were permeabilized with 0.3% Triton X-100 and blocked with 5% BSA at room temperature. The primary
antibody was incubated with the cells overnight. A FITC-conjugated secondary antibody (1:100) or CY3-
conjugated secondary antibody (1:100) was incubated with the cells at 37°C in the dark. DAPI (1:200) was
used to stain the nuclei. After the anti-fluorescence quenching agent was used to seal the slides, images
were captured and analyzed using a living cell workstation. Frozen sections of the model rat lung tissue
were obtained, permeabilized with 0.3% Triton X-100, and the remaining procedures were the same as those
described above.

Immunohistochemistry

Frozen sections of rat lung tissue were removed from the -80°C freezer, equilibrated to room temperature,
and sectioned with acetone. The sections were soaked in PBS and sequentially incubated at 37°C for 15
minutes with an endogenous peroxidase blocker and blocking serum working solution. Next, the primary
antibody was added dropwise and incubated overnight at 4°C. On the next day, slices were soaked and
washed with PBS and sequentially incubated at 37°C for 15 minutes with the biotin-labeled goat anti-
mouse/rabbit IgG polymer and horseradish peroxidase-labeled streptomycin working solution. Then, DAB
color development, hematoxylin restaining, hydrochloric acid differentiation, rinses with water to return the
color to blue, gradient alcohol dehydration, and a xylene treatment for transparency were carried out. Finally,
the film was sealed with neutral gum and photographed under a fluorescence microscope.

Histological and morphological analyses

The lung tissues of rats with pulmonary arterial hypertension were extracted and fixed with 4% paraformal-
dehyde for approximately 24 h. The lung tissues were transferred to a 30% sucrose solution and immersed for
approximately 2-3 days. After embedding the lung tissue in embedding solution, frozen sections were obtai-
ned using a frozen slicer, and the slices were stored at -80°C. These sections were stained with hematoxylin
and eosin (HE) or Masson’s trichrome stain. The appearance of the tissue was observed using a fluorescence
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. microscope (Nikon).

Echocardiography

A Vevo2100 imaging system (Visual Sonics Inc., Toronto, ON, Canada) and 30 MHz probe were used for
echocardiography of the rat model, as previously described24. The pulmonary arterial velocity time integral
(PAVTI) was measured.

Hemodynamic analysis and ventricular weight measurement

Hypoxic model rats were weighed and anesthetized with 3.0 ml of chloral hydrate per kg body weight. A
catheter was inserted into the right ventricle, and the right ventricular pressure was recorded by a com-
puter to evaluate the level of right ventricular pressure. The left ventricle (LV) and interventricular sep-
tum were used as the rest of the left ventricle (LV) and weighed with a precision balance. Finally, the
RV/LV+interventricular septum ratio was used to evaluate the level of right ventricular hypertrophy.

Autophagy flux monitoring

The mRFP-GFP-LC3 adenovirus was obtained from Hanbio Biotechnology (HB-AP210 0001). PASMCs were
transfected with the siRNA or overexpression plasmid, incubated with the mRFP-GFP-LC3 adenovirus, and
then incubated with medium containing 5% serum for 24 h. A living cell workstation was used to capture
images and monitor autophagy flux for subsequent analysis.

Nuclear and cytoplasmic protein extraction assay

The nuclear and cytoplasmic protein extraction kit was purchased from Beyotime (P0028). The experiment
was carried out according to the manufacturer’s instructions.

MDA assay of lipid peroxidation

A lipid oxidation (MDA) assay kit purchased from Beyotime (S0131M) was used to detect lipid oxidation
levels in PASMCs and lung tissues. Tissues or cells were homogenized to produce lysates. The supernatant
was collected, and the protein concentration was determined. A 100 μl sample was added to 200 μl of MDA
detection working solution. After mixing, the mixture was heated at 100°C for 15 minutes, cooled to room
temperature, and centrifuged at 1000 g at room temperature for 10 minutes. Two hundred microliters of
supernatant were added to a 96-well plate, and then the absorbance was measured at 532 nm using an enzyme
plate reader. The MDA content in the sample was calculated as μmol/mg protein or μmol/mg tissue.

GSH assay

PASMCs and lung tissues were extracted according to the manufacturer’s instructions provided with the
Glutathione Assay Kit (Sigma, CS0260). Briefly, 10 μl of sample were placed into a 96-well plate, and 150
μl of working solution were added to each sample well and mixed well. The mixture was incubated at room
temperature for 5 minutes, 50 μl of diluted NADPH solution was added and mixed, and the absorbance was
determined at 412 nm.

Iron assay

Lung tissue (10 mg) or PASMCs (2×106) were homogenized in 4–10 volumes of iron assay buffer obtained
from Sigma-Aldrich (MAK025, USA). Then, the sample was centrifuged at 16000×g for 10 minutes at 4°C to
remove insoluble material. Afterwards, the sample was brought to a final volume of 100 μl with iron analysis
buffer. Fifty microliters of each sample were placed in a 96-well plate, and the volume was increased to
100 μl per well with assay buffer. Five microliters of iron reducer buffer were added to each sample, mixed
well and incubated in the dark at 25°C for 30 minutes. Then, 100 μl of iron probe were added to each well
containing the standard sample and test sample, mixed well and incubated in dark at 25°C for 60 minutes.
Finally, the absorbance at 593 nm (A593) was measured to estimate the iron content in the sample.

RNA binding protein immunoprecipitation (RIP)

6
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. After the hypoxia treatment of PASMCs and successful modeling, an RIP kit (Sigma, RIP-12RXN) was used
to detect the binding between mRNAs and proteins according to the manufacturer’s instructions.

Analysis of mRNA stability

PASMCs were transfected with WTAP siRNAs or the control siRNA before being exposed to actinomycin
D (1 μg/ml) for 0 h, 6 h, 12 h and 24 h. The relative expression of GPX4 was detected using qPCR and
normalized to the values measured in the 0 h group.

Quantification of m6A RNA methylation

PASMCs were transfected with WTAP siRNAs or the control siRNA. Total RNA was extracted and processed
using an RIP kit (Sigma, RIP-12RXN). Total m6A levels in mRNA were measured using an EpiQuik m6A
RNA Methylation Quantification Kit (Colorimetric) (Epigentek, NY, USA) according to the manufacturer’s
instructions.

Bioinformatics software and website

Metascape, String, GENEMANIA and inBioDiscover prediction websites were used for pathway predictions
and the KEGG analysis.

Statistical analysis

The data were analyzed using GraphPad Prism 8 (GraphPad software, La Jolla, CA, USA). All data are
presented as the means ± SEM. T tests, one-way ANOVA and Tukey’s test were used for statistical analyses.
When p < 0.05, the difference was statistically significant. All experiments were performed in triplicate.

Results

Hypoxia triggeres ferroptosis and reduces GPX4 expression

We constructed hypoxic models to detect three key indexes of ferroptosis, lipid peroxidation, GSH (glutathio-
ne) depletion and iron accumulation, and to investigate whether ferroptosis is involved in the development
of PH. The levels of MDA, GSH and iron in hypoxic PASMCs were detected. Hypoxia significantly increased
ferroptosis indexes, including an increased MDA content due to lipid peroxidation (Fig. 1A), GSH depletion
(Fig. 1B) and iron accumulation (Fig. 1C), which were further triggered by a hypoxia treatment with the
ferroptosis agonists erastin and RSL3. Attractively, only ferrostatin-1 (fer-1, an inhibitor of ferroptosis), but
not Z-VAD-FMK (an inhibitor of apoptosis) or Necrosulfonamide (a specific inhibitor of cell necrosis), more
significantly abolished MDA production, GSH depletion, and iron accumulation. Using RT-PCR to screen
the related genes of ferroptosis, we found significantly lower GPX4 expression (Fig. S1A). Since GPX4 is an
important central regulator of ferroptosis, GPX4 was selected as the key object of hypoxia-induced PH for
further research. Western blotting (Fig. 1D) and cellular immunofluorescence staining (Figs. 1E and S1C)
revealed significantly decreased expression of GPX4 in hypoxic PASMCs compared with that in the control
group in a time-dependent manner (Fig. S1B). We used rats to construct a hypoxic PH model and further
determine changes in the expression of the GPX4 protein in vivo. GPX4 expression was significantly reduced
in the lung tissue of hypoxic rats compared to that in the normal control group, which was reversed by the
inhibitor fer-1 (Figs. 1F and S1D), and similar results were obtained using immunohistochemical staining
(Fig. 1G). Finally, the localization of GPX4-positive cells was detected. GPX4 was mainly located in the
cytoplasm of PASMCs. Hypoxia reduced the expression of GPX4 in the cytoplasm (Fig. 1H). In conclusion,
these results suggest that GPX4 is a key regulator of hypoxia-induced ferroptosis and participates in the
development of PH.

Ferroptosis is involved in the progression of PH in vivo

A 21-day chronic hypoxic PH rat model was constructed and treated with the ferroptosis inhibitor fer-1 (2.5
μmol/kg) to further determine whether ferroptosis is directly involved in regulated the development of PH
in vivo. HE staining, RVSP, right ventricular hypertrophy and echocardiography were used to evaluate the
role of ferroptosis in hypoxia-induced PH. The inhibitor fer-1 prevented and reversed vascular remodeling

7



P
os

te
d

on
A

u
th

or
ea

11
A

u
g

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

87
20

52
.2

49
60

78
6/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. (Fig. 2B), reduced the mean RVSP (Fig. 2C) and right ventricular hypertrophy (the ratio of RV weight
to LV weight plus that of the septum: RV/LV+S)) (Fig. 2D), and increased PAVTI (Fig. 2E) compared
with the control group, while the inhibitor did not affect the body weight of the model mice (Fig. 2A).
Moreover, Fer-1 also significantly inhibited ferroptosis in vivo (Fig. 2F-H). Overall, the results suggest that
ferroptosis is involved in the development of PH in vivo and that the ferroptosis inhibitor Fer-1 alleviates
the progression of PH.

The GPX4-mediated increase in ferroptosis is associated with pulmonary fibrosis

The development of pulmonary fibrosis is an important endpoint of PH(Thenappan, Ormiston, Ryan, &
Archer, 2018). The change in the level of fibrosis in the PH model was evaluated to clarify the possible role
of fibrosis in ferroptosis-related PH. Masson’s trichrome staining showed that the inhibitor fer-1 significantly
reduced collagen deposition induced by hypoxia (Fig. 3A). Western blotting, immunohistochemistry and
immunofluorescence staining showed that fer-1 decreased the expression of the fibrosis index proteins Fi-
bronectin and Collagen-III compared with the lung tissues from hypoxic model rats (Figs. 3B and S2A-D).
In addition, we used a GPX4 siRNA to knock down GPX4 under normoxic conditions or overexpress GPX4
under hypoxic conditions and pretreated PASMCs to determine whether GPX4 downregulation is directly
involved in ferroptosis-induced fibrosis. Western blot analyses confirmed that the GPX4 siRNA increased
the level of the fibrosis index proteins under normoxic conditions, while the overexpression of GPX4 under
hypoxic conditions significantly decreased their expression (Fig. 3C-D). A similar phenomenon was observed
in the cellular immunofluorescence staining (Figs. 3E-F and S2E-F). Based on these findings, ferroptosis
induced by low GPX4 expression potentially leads to pulmonary fibrosis.

GPX4 regulatedferroptosis is associated with autophagy activation

Next, we further examined the ferroptosis pathway regulated by GPX4. By performing a GPX4-related
pathway analysis (KEGG), we found a correlation between GPX4 and autophagy (Fig. 4A). Previous studies
have confirmed that autophagy is involved in the regulation of ferroptosis-related cell death processes(J. Liu
et al., 2020). Therefore, we hypothesized that GPX4 may mediate ferroptosis through the autophagy pathway
in hypoxic PASMCs. We studied the changes in autophagy after stable transfection of the GPX4 siRNA or
GPX4 plasmid to evaluate this hypothesis. Three key autophagy-related proteins and genes were detected
using Western blotting and RT-PCR. As expected, GPX4 silencing significantly increased the expression of
BECN1 and LC3B in normoxic PASMCs, while the overexpression of GPX4 in hypoxia significantly decreased
the expression of BECN1 and LC3B compared with the control group. These treatments did not significantly
affect the ATG5 protein level (Fig. 4B and S4A). The results of the cellular immunofluorescence staining
for the autophagy proteins BECN1 and LC3B were consistent with the results described above (Figs. S4C).
In vivo, the ferroptosis inhibitor fer-1 reduced the expression of the autophagy proteins BECN1 and LC3B
(Fig. S4B). Next, we evaluated the autophagy flux in PASMCs treated with the GPX4 siRNA or GPX4
plasmid by transfecting cells with the eGFP-mRFP-LC3 fluorescent plasmid. Compared with the control
group, the yellow and red punctate fluorescence of lysosomes and autophagosomes indicating autophagy
were significantly increased in the GPX4 siRNA and hypoxia groups, while the overexpression of GPX4
during hypoxia reduced the fluorescent puncta and inhibited autophagy (Fig. 4C). In conclusion, these
data supported the hypothesis that autophagy is activated during the process of hypoxic PASMC ferroptosis
through a mechanism regulated by GPX4.

GPX4 induces fibrosis through autophagy-dependent ferroptosis

We used PASMCs stably transfected with the GPX4 siRNA and treated them with the autophagy agonist
rapamycin to detect changes in the ferroptosis indicators MDA, GSH, and iron content and to study the
relationship between GPX4-related autophagy activation and ferroptosis and fibrosis. The activation of
autophagy further increased the accumulation of MDA and iron and reduced the content of GSH, while
the ferroptosis inhibitor fer-1 effectively reversed the phenomenon of ferroptosis (Fig. 4D-F). Additionally,
Western blot and immunofluorescence assays confirmed that rapamycin further increased the expression of
Fibronectin and Collagen-III induced by the GPX4 siRNA. However, the addition of the inhibitor fer-1
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. significantly reduced the expression of fibrosis index proteins (Figs. 4G and S4D). Therefore, autophagy-
dependent ferroptosis regulated by GPX4 is essential for fibrosis.

Hypoxia promotes the interaction between GPX4 and methyltransferase WTAP to activate
ferroptosis

The m6A modification of RNA is a key factor affecting the transportation, localization, translation and
degradation of RNA and ultimately regulates gene expression(Zhao, Roundtree, & He, 2017). We first cul-
tured PASMCs transfected with the GPX4 siRNA or GPX4 plasmid under normoxic and hypoxic conditions
and screened m6A-related methyltransferases using Western blotting to explore whether low GPX4 expres-
sion was regulated by m6A signaling. The expression of the methyltransferases WTAP and METTL3 was
increased in hypoxic PASMCs compared with the control group (Fig. 5A). Subsequently, we detected the
expression of WTAP and METTL3 in PASMCs at different hypoxia time points and the lung tissues of PH
model rats and observed more stable and higher WTAP expression (Fig. 5B-C). In addition, a significant
correlation was identified between WTAP and GPX4 in hypoxic PASMCs (Fig. 5D). Western blotting, tissue
immunofluorescence and immunohistochemistry analyses of WTAP expression in vivo showed that hypoxia
induce high expression of WTAP, while the inhibitor fer-1 reduced its expression in vivo (Figs. 5E and
S5A and C). In the cellular immunofluorescence experiment, the expression of WTAP changed with changes
in GPX4 expression. High expression of WTAP was observed in the GPX4 siRNA group cultured under
normoxic and hypoxic conditions, while WTAP expression was significantly reduced in the hypoxic GPX4
overexpression group (Figs. 5F and S5B). In addition, WTAP knockdown reversed the low expression of
GPX4 caused by hypoxia, further confirming the upstream and downstream relationship between GPX4 and
WTAP (Fig. S5D). We also identified the cellular localization of WTAP. Nuclear and cytoplasmic separation
experiments showed that hypoxia increased WTAP levels in the nucleus (Fig. 5G).

PASMCs were transfected with the WTAP siRNA to determine whether WTAP was directly involved in
ferroptosis-induced fibrosis. After hypoxia, MDA, GSH and iron levels were detected. Compared with the
control group, WTAP knockdown alleviated ferroptosis, effectively reduced MDA and iron contents, and
increased GSH production (Fig. 5H). Western blot and cellular immunofluorescence staining experiments
showed that the expression of the fibrosis index proteins Fibronectin and Collagen-III and the autophagy
indicator proteins BECN1 and LC3B were decreased in PASMCs transfected with the WTAP siRNA (Figs
S5E and S6A-B). These data confirmed that GPX4 and WTAP interact during hypoxia and jointly promote
the fibrosis process through autophagy-dependent ferroptosis.

WTAP reduces the stability of the GPX4 mRNA by interacting with its pre-mRNA to induce
m6A methylation

We investigated whether m6A methylation induced by WTAP accelerated the degradation of the GPX4
mRNA to elucidate the molecular mechanism between GPX4 and WTAP. PASMCs were first transfected with
the WTAP siRNA and then treated with actinomycin D at different hypoxia time points to detect changes in
GPX4 mRNA stability. RT-PCR results showed that WTAP knockdown increased the stability of the GPX4
mRNA (Fig. 6A). Accumulating evidence suggests a significant relationship between m6A methylation in
the nucleus and pre-mRNAs, thus affecting their splicing(Martinez & Gilbert, 2018). Therefore, the levels
of the GPX4 pre-mRNA and mRNA were detected using RT-PCR in hypoxic PASMCs transfected with
the WTAP siRNA. Levels of the GPX4 pre-mRNA and mRNA were decreased compared with those in the
control group (Fig. 6B). Subsequently, through the RIP analysis, we found that only the GPX4 pre-mRNA
was significantly enriched in the WTAP precipitate, while the mRNA was not significantly enriched (Fig.
6C), indicating the interaction between WTAP and the GPX4 pre-mRNA. Finally, we detected the level of
m6A in PASMCs and found that WTAP knockdown significantly reduced the level of m6A compared with
the control (Fig. 6D). These results confirmed that WTAP mediates the m6A modification of the GPX4
pre-mRNA in hypoxic PASMCs.

WTAP mediates GPX4 driven ferroptosis and fibrosis

A hypoxic PASMC model cotransfected with the WTAP siRNA and GPX4 siRNA was established to ver-
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. ify the association between WTAP and autophagy-dependent ferroptosis-induced fibrosis. We found that
ferroptosis inhibited by WTAP knockdown was reactivated by the GPX4 siRNA (Fig. 7A-C). In addition,
Western blot analysis showed that dual knockout of WTAP and GPX4 restored the decreased levels of au-
tophagy proteins caused by WTAP knockdown (Fig. S6C). Western blot and cellular immunofluorescence
experiments confirmed that the dual-knockout of WTAP and GPX4 in hypoxic PASMCs promoted the ex-
pression of the fibrotic proteins Fibronectin and Collagen-III (Figs. 7D-E and S6D). Taken together, WTAP
is involved in regulating GPX4-mediated ferroptosis and fibrosis in hypoxic PASMCs.

Discussion

In this study, we innovatively proposed three new ideas. First, ferroptosis was observed in the course
of PH for the first time. Second, the ferroptosis regulator GPX4, a key protein, promoted PH through
autophagy-dependent ferroptosis in hypoxic PASMCs and eventually led to fibrosis. Third, hypoxia caused
WTAP to bind to the GPX4 pre-mRNA, promoted its pre-mRNA degradation, reduced GPX4 expression,
and induced ferroptosis signals. Our findings reveal the role and mechanism by which GPX4 regulates
ferroptosis in hypoxic PASMCs and provide a new insight into the prevention and treatment of PH.

Ferroptosis is a form of programmed cell death that depends on the accumulation of iron and lipid reactive
oxygen species(Dixon et al., 2012). Numerous studies have proven that ferroptosis is related to the occurrence
and development of degenerative diseases, tumors and ischemia reperfusion injury(Li et al., 2019; Xia et al.,
2019; Zou et al., 2020), including pulmonary fibrosis, lung cancer and acute lung injury (P. Liu et al.,
2020; Rashidipour et al., 2020; Xia et al., 2019). However, the potential role of ferroptosis in regulating
PH remains unknown. In this study, we identified that hypoxia significantly increased ferroptosis indexes,
including increases in the MDA content, GSH depletion and iron accumulation, which were further promoted
by the ferroptosis agonists erastin and RSL3. Furthermore, fer-1, an inhibitor of ferroptosis, prevented and
reversed vascular remodeling and reduced the mean RVSP and right ventricular hypertrophy in our study.
More importantly, our data revealed that fer-1 significantly reduced collagen deposition and the expression of
Fibronectin and Collagen-III induced by hypoxia, suggesting that ferroptosis may be a key factor triggering
fibrosis. Therefore, our data proved that ferroptosis is a novel important form of programmed cell death
contributing to PH and provided a new insight into the study of the pathogenesis of PH.

In addition to ferroptosis, other forms of programmed cell death, such as apoptosis, necrosis and autophagy,
are involved in the pathological process of PH(Rafikov et al., 2019; Ruffenach et al., 2020; X. Zhou et
al., 2019). For example, magnesium transporters are involved in the occurrence of PAH by regulating the
proliferation, migration and apoptosis of PASMCs(Wang et al., 2021). Our laboratory have also confirmed
that BCAT1 could induce cell autophagy in hypoxic PASMCs(Xin et al., 2020). However, the relationship
among programmed cell death forms is unclear. Typical phenomena of apoptosis and necrosis have not
been observed in ferroptosis(Stockwell et al., 2017), but the autophagy is involved in the occurrence of
ferroptosis(Park & Chung, 2019). In our study, we used Necrosulfonamide, a specific cell necrosis inhibitor,
and Z-VAD-FMK, an apoptosis inhibitor, to test whether necrosis and apoptosis are involved in hypoxia-
induced PASMC ferroptosis in vitro. Compared with the fer-1 group, Necrosulfonamide and Z-VAD-FMK did
not reverse the accumulation of MDA and iron and the depletion of glutathione, suggesting that apoptosis
and necrosis are not influenced by hypoxia-induced PASMC ferroptosis. Our results also confirmed that
autophagy is involved in the regulation of ferroptosis cell death processes. As shown in our previous study,
programmed death ligand 1 induces cell pyroptosis and leads to pulmonary fibrosis in hypoxic PASMCs(M.
Zhang et al., 2020), indicating the complexity of the PH pathological processes. The different programmed
cell death pathways may represent different stages or phenotypes, as well as completely different regulatory
mechanisms of the pathological changes in PH.

Current research on the mechanism of ferroptosis mainly focuses on three categories, including the excito-
toxic effects caused by iron metabolism disorders and abnormal lipid and amino acid metabolism. The three
interact with each other to jointly promote the occurrence and development of ferroptosis. In genomics,
the glutamic acid/cystine transport system and the downstream protein GPX4 are the main regulators of
ferroptosis and main research objects(Forcina & Dixon, 2019; Yang et al., 2014). GPX4 is a member of a
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. class of antioxidant enzymes. As the substrate of glutathione (GSH), GPX4 is able to degrade H2O2 and
lipid ROS into water and the corresponding alcohols, respectively, thus reducing the level of intracellular
lipid hydroperoxides, avoiding oxidative damage to cells, and playing a crucial role in cell survival(Ingold et
al., 2018). An increasing number of studies have confirmed that GPX4 is the key and central regulator of
ferroptosis(Bersuker et al., 2019; Ingold et al., 2018). For example, knockout of GPX4 leads to ferroptosis
related cell death and acute renal failure(Friedmann Angeli et al., 2014). Low expression of GPX4 leads to
increased lipid peroxidation, which regulates the pathogenesis of pulmonary fibrosis by enhancing transform-
ing growth factor-β signaling(Tsubouchi et al., 2019). In our study, GPX4 expression was downregulated in
rat PH models and hypoxic PASMCs. In addition, knockdown of GPX4 in PASMCs increased the expres-
sion of fibrosis markers, indicating that GPX4 was involved in the regulation of PASMC ferroptosis and the
development of fibrosis caused by hypoxia. We also confirmed that GPX4 regulated ferroptosis and induced
fibrosis in an autophagy-dependent manner in hypoxic PASMCs. To the best of our knowledge, this study
is the first to report the relationship between GPX4 and autophagy in PH.

The m6A methylation is a common form of epigenetic modification of RNA that potentially regulates the
occurrence and progression of diseases by regulating gene expression through RNA translation and degra-
dation(Sun, Wu, & Ming, 2019). Three types of catalytic enzymes are involved in this biological process,
namely, the “writer” methyltransferase, “eraser” demethylase and “reader” methylation reader protein(Z.
Liu, Li, Sun, & Liu, 2018). Among these enzymes, methyltransferase is a complex consisting of METTL3
and METTL14 that forms a heterodimeric catalytic core and regulates the subunit WTAP. The common
composition promotes the methylation reaction(J. Liu et al., 2014; Ping et al., 2014). Previous studies on
m6A have mainly focused on abnormal embryonic development and tumors(Cui et al., 2017; Mendel et al.,
2018). In recent years, an increasing number of researchers have focused on the role of m6A in lung dis-
eases, including pulmonary fibrosis and lung cancer(Han et al., 2020; Y. Shi et al., 2019), and found that
m6A plays an extremely important role in the occurrence and development of lung diseases. Hence, studies
aiming to explore the role and mechanism of m6A methylation in the regulation of ferroptosis and PH are
very important.

Gene expression is a large and complex process, and splicing of pre-mRNA precursors is one of the key
steps in gene expression, which involves the precise splicing and matching of introns and exons of primary
transcripts to produce mature mRNA(Lee & Rio, 2015). A large amount of direct and indirect evidence
indicates that the m6A modification is involved in RNA splicing and regulates pre-mRNA splicing(Covelo-
Molares, Bartosovic, & Vanacova, 2018; H. Shi, Chai, Jia, & Fan, 2020; K. Zhou et al., 2019). Tian LAN
et al. showed that the m6A methyltransferase KIAA1429 induces m6A methylation of the GATA3 pre-
mRNA, leading to the degradation of the GATA3 pre-mRNA and subsequent proliferation and metastasis of
hepatocellular carcinoma(Lan et al., 2019). The N6-methyladenosine demethylase FTO targets pre-mRNAs
and regulates alternative splicing and 3’-end processing in human HEK293N6 cells(Bartosovic et al., 2017).
However, our experimental data interestingly revealed that WTAP mediated m6A modification was the
upstream target of GPX4. The m6A methyltransferase WTAP promoted the methylation of the GPX4 pre-
mRNA, leading to the degradation of the GPX4 pre-mRNA and thereby reducing the expression of GPX4.
The m6A methylation of the GPX4 pre-mRNA was reduced by knocking down WTAP in hypoxic PASMCs.
At the same time, the RIP analysis also confirmed the binding between WTAP and the GPX4 pre-mRNA,
and upon WTAP knockdown, the enrichment of GPX4 pre-mRNA by the m6A antibody was significantly
reduced, which also confirmed the occurrence of the m6A signal.

However, this research still has some limitations that must be further explored and resolved. First, this
study confirmed that the WTAP methyltransferase induced the m6A methylation of the GPX4 pre-mRNA
in hypoxic PASMCs, thereby degrading the pre-mRNA and resulting in significantly lower expression of
GPX4. However, the specific m6A binding site has not yet been elucidated. In addition, we determined the
role of ferroptosis in PH model rats and hypoxic PASMCs, but further studies are needed on samples from
patients with PH.

In conclusion, this study proved a new mechanism by which WTAP mediated GPX4 methylation to induce
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. ferroptosis in PASMCs. GPX4 promoted pulmonary vascular fibrosis and led to PH through autophagy-
dependent ferroptosis. Our results reveal the important role of ferroptosis in the pathological process of
fibrosis and PH and provide a new molecular basis for prevention and treatment research.
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Figure legends

Figure 1. The expression of GPX4 in hypoxia induced pulmonary arterial hypertension models.
(A-C) MDA, GSH and iron levels were assayed in hypoxic PASMCs treated with the agonists erastin and
RSL3 or the inhibitors fer-1, Z-VAD-FMK and Necrosulfonamide (n=6). (D) Western blot analysis of
GPX4 expression in hypoxic PASMCs (n=10). (E) Immunofluorescence staining was performed to detect
the expression of GPX4 in PASMCs. Scale bar=50 μm (n=5). (F) GPX4 protein levels in pulmonary tissues
from hypoxic model rats were determined using Western blot analysis (n=5). (G) Immunohistochemical
staining showing GPX4 expression in hypoxic model rats. Scale bar=100 μm (n=5). (H) GPX4 was mainly
localized in the cytoplasm of hypoxic PASMCs, and its expression was decreased (n=5). Statistical analyses
were performed with one-way ANOVA or Student’s t test. All values are presented as the means ± SEM.
*p < 0.05; **p < 0.01; ***p < 0.001; and ns, not significant.

Figure 2. The ferroptosis inhibitor fer-1 suppressed the progression of hypoxic PAH in vivo.

Model rats with chronic hypoxic PAH were established and intraperitoneally injected with the inhibitor fer-1
(2.5 μmol/kg). (A) The weight of model rats (n=5). (B) Morphological changes in the pulmonary artery
were examined using HE staining. Scale bar=100 μm (n=5). (C-D) Statistical analysis of right ventricular
systolic pressure (RVSP) and RV/left ventricular (LV) + S weight ratio in each model rat group (n=5). (E)
The pulmonary artery velocity time integral (PAVTI) was measured using echocardiography to evaluate the
pulmonary arteries in different groups (n=5). (F-H) MDA, GSH, and iron levels were assayed in the lung
tissues from model rats (n=5). Statistical analyses were performed with one-way ANOVA. All values are
presented as the means ± SEM. *p < 0.05; **p < 0.01; and ***p < 0.001.

Figure 3. Pulmonary fibrosis was regulated by GPX4-mediated ferroptosis. (A) Pulmonary fibrosis
in rats treated with the inhibitor fer-1 was observed using Masson’s trichrome staining. Scale bar=100 μm
(n=5). (B) Western blot analysis of Fibronectin and Collagen-III expression in the pulmonary tissues from
hypoxic model rats treated with fer-1 (n=5). (C-D) Western blot analysis of Fibronectin and Collagen-
III protein expression in PASMCs transfected with the GPX4 siRNA or GPX4 plasmid (n=8). (E-F)
Immunofluorescence staining for Fibronectin and Collagen-III in PASMCs treated with the GPX4 siRNA or
GPX4 plasmid. Fibronectin and Collagen-III (red), and DAPI (blue). Scale bar=100 μm (n=5). Statistical
analyses were performed with one-way ANOVA. All values are presented as the means ± SEM. *p < 0.05;
**p < 0.01; ***p < 0.001; and ns, not significant.

Figure 4. GPX4 induced fibrosis through autophagy-dependent ferroptosis. (A) Prediction of
GPX4 related pathways. (B) Western blot analysis of the expression of the autophagy indicator proteins
BECN1, LC3B and Atg5 in PASMCs transfected with the GPX4 siRNA or GPX4 plasmid (n=7). (C)
Determination of autophagy flux in PASMCs cotransfected with the GPX4 siRNA or GPX4 plasmid and
the eGFP-mRFP-LC3 plasmid and exposed to normoxia or hypoxia for 24 h. Yellow and red dots indicate
autolysosomes and autophagosomes, respectively. Scale bar =50 μm (n=5). (D-F) The levels of MDA, GSH,
and iron were assayed (n=5). (G) Western blot analysis of Fibronectin and Collagen-III protein expression
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. in PASMCs treated with autophagy agonists and ferroptosis inhibitors (n=7). Statistical analyses were
performed with one-way ANOVA. All values are presented as the means ± SEM. *p < 0.05; **p < 0.01;
***p < 0.001; and ns, not significant.

Figure 5. The interaction between GPX4 and WTAP was promoted during the ferroptosis of
hypoxic PASMCs. (A) Western blot analysis of levels of the m6A-associated proteins WTAP, METTL3,
METTL14, ALKBH5 and FTO in PASMCs transfected with the GPX4 siRNA or GPX4 plasmid (n=8).
(B) RT-PCR analysis of WTAP and METTL3 expression levels in PASMCs after 0, 6, 12, 24, 48, and 72
h of hypoxia treatment (n=6). (C) RT-PCR analysis of the mRNA levels of WTAP and METTL3 in the
lung tissues of hypoxic model rats, with rat β-actin serving as the standard (n=6). (D) Correlation analysis
of GPX4 and WTAP expression in hypoxic PASMCs (n=10). (E) Western blot analysis of WTAP and
METTL3 expression in lung tissues from hypoxic model rats (n=5). (F) Immunofluorescence staining for
WTAP in PASMCs transfected with the GPX4 siRNA or GPX4 plasmid. WTAP (red) and DAPI (blue).
Scale bar=100 μm (n=5). (G) WTAP was mainly localized in the nucleus of hypoxic PASMCs, and its
expression was increased (n=5). (H) The levels of MDA, GSH, and iron were assayed (n=5). Statistical
analyses were performed with one-way ANOVA or Student’s t test. All values are presented as the means ±
SEM. **p < 0.01; ***p < 0.001; ns, not significant.

Figure 6. WTAP reduced the stability of the GPX4 mRNA by interacting with the pre-mRNA
to induce m6A methylation. (A) PASMCs were transfected with the WTAP siRNA and treated with
actinomycin D to detect the stability of the GPX4 mRNA after 0, 6, and 12 h of hypoxia treatment (n=5).
(B) RT-PCR analysis of GPX4 pre-mRNA and mRNA levels in PASMCs transfected with the WTAP siRNA;
rat β-actin served as the standard (n=6). (C) The correlations between the levels of WTAP and the GPX4
pre-mRNA or mRNA were detected using RT-PCR after RNA immunoprecipitation (RIP) (n=6). (D) RIP of
the GPX4 pre-mRNA and m6A antibody in PASMCs transfected with the WTAP siRNA (n=6). Statistical
analyses were performed with one-way ANOVA and two-way ANOVA. All values are presented as the means
± SEM. **p < 0.01; ***p < 0.001; and ns, not significant.

Figure 7. WTAP mediated GPX4-driven ferroptosis and fibrosis. PASMCs were cotransfected with
the WTAP siRNA and GPX4 siRNA. (A-C) The levels of MDA, GSH, and iron were assayed (n=5 or n=6).
(D) Western blot analysis of Fibronectin and Collagen-III protein expression in processed PASMCs (n=6).
(F) Detection of Fibronectin and Collagen-III in PASMCs using immunofluorescence staining. Fibronectin
and Collagen-III (red), and DAPI (blue). Scale bar=100 μm (n=5). Statistical analyses were performed with
one-way ANOVA. All values are presented as the means ± SEM. **p < 0.01 and ***p < 0.001.
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