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Abstract

Asthma is a disease characterized by airway epithelial barrier destruction, chronic
airway inflammation, and airway remodeling. Repeated damage to airway epi-
thelial cells by allergens in the environment plays an important role in the patho-
physiology of asthma. Ferroptosis is a novel form of regulated cell death mediated
by lipid peroxidation in association with free iron-mediated Fenton reactions. In
this study, we explored the contribution of ferroptosis to house dust mite (HDM)-
induced asthma models. Our in vivo and in vitro models showed labile iron ac-
cumulation and enhanced lipid peroxidation with concomitant nonapoptotic cell
death upon HDM exposure. Treatment with ferroptosis inhibitors deferoxamine
(DFO) and ferrostatin-1 (Fer-1) illuminated the role of ferroptosis and related
damage-associated molecular patterns in HDM-treated airway epithelial cells.
Furthermore, DFO and Fer-1 reduced HDM-induced airway inflammation in
model mice. Mechanistically, NCOA4-mediated ferritin-selective autophagy (fer-
ritinophagy) was initiated during ferritin degradation in response to HDM ex-
posure. Together, these data suggest that ferroptosis plays an important role in
HDM-induced asthma and that ferroptosis may be a potential treatment target
for HDM-induced asthma.
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1 | INTRODUCTION airway remodeling.' Allergic asthma, the most common
form of asthma, can be triggered by allergens, such as
house dust mites (HDM).? As the first defensive barrier

between the lungs and external environment, airway

Asthma is a chronic airway disease that is characterized
by inflammation, shedding of airway epithelial cells, and
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epithelial cells play important roles in defense, antigen
presentation, and the quick response to different aller-
gens.” Epithelial damage is a pathological feature ob-
served in all asthma phenotypes.* Moreover, damaged
airway epithelium attracts inflammatory cells by releasing
cytokines and chemokines,’ and the recruited cells con-
tribute to airway hyperresponsiveness.® Hence, it is essen-
tial to understand the mechanisms of epithelial damage in
response to various allergens.

Ferroptosis, a novel form of nonapoptotic cell death,
is characterized by the accumulation of reactive oxy-
gen species (ROS) derived from iron metabolism and
lipid peroxidation,” and dying cells can release damage-
associated molecular patterns (DAMPs), which have been
linked to an enhanced inflammatory response and tissue
damage.® The lipid repair enzyme glutathione peroxidase
4 (GPx4), a member of the selenoprotein family, has been
shown to act as a negative regulator of ferroptosis by di-
rectly reducing lipid hydroxyperoxidation.’'° Ferroptosis
was initially observed in cancer cells expressing onco-
genic RAS, but it may contribute to other diseases, such
as Huntington disease and tubular failure.'" Recent stud-
ies have implicated ferroptosis in intestinal diseases,
including intestinal ischemia/reperfusion injury, inflam-
matory bowel disease, and colorectal cancer.'”™" In var-
ious acute kidney injury models, ferroptotic processes
were observed and/or inhibited by ferroptosis inhibitors,
such as ferrostatin-1 and liproxstatin-1, to confer renal
protection.'®® Ferroptosis has been observed in acute
lung injury, pulmonary fibrosis, and chronic obstruc-
tive pulmonary disease (COPD)."*"*! Recent studies on
asthma have confirmed that the small scaffolding protein
PEBP1 regulates ferroptotic cell death by binding with
lipoxygenases, allowing them to generate lipid peroxides
in asthmatic airway epithelial cells.****

Oxidative stress, specifically that caused by lipid perox-
idation, is believed to contribute to the pathophysiology of
asthma.?** The lung iron level plays a crucial role in the
pathogenesis and severity of asthma.*® Moreover, Zn/Ga-
deferoxamine (DFO), a ferroptosis inhibitor that tightly
binds redox active metals such as iron and prevents their
participation in the ROS-producing Fenton reaction, at-
tenuating the inflammatory process in a mouse model of
asthma.” Intracellular iron is stored primarily as ferritin,
yet free iron is required for oxidative modifications during
Fenton reactions. Thus, disruption of iron homeostasis
can increase oxidative stress and tissue damage in asthma.
Recent reports have revealed that labile iron is produced
by autophagy-related ferritin degradation in a process
termed ferritinophagy, and this newly discovered form of
autophagy depends on a selective cargo receptor, nuclear
receptor coactivator 4 (NCOA4), that traffics ferritin to the
autophagosome.”® Interestingly, ferritinophagy has been

reported to be involved in ferroptosis.?’ In this study, we
found that HDM induce NCOA4-mediated ferritinophagy,
resulting in an increase in free iron in airway epithelial
cells and promoting inflammation.

Taken together, our findings revealed that HDM promote
labile iron accumulation via NCOA4-mediated ferritinoph-
agy, leading to ferroptosis of airway epithelial cells, suggest-
ing ferroptosis as a therapeutic target for asthma treatment.

2 | MATERIALS AND METHODS

2.1 | Reagents and antibodies

The antibodies used were mouse anti-Ferritin Heavy Chain
(Santa Cruz, sc-376594), rabbit anti-Ferritin Heavy Chain
(Cell Signaling Technology, 4393), mouse anti-NCOA4
(Santa Cruz, 373739), rabbit anti-NCOA4 (Affinity,
DF4255), rabbit anti-ATG5 (Cell Signaling Technology,
12994), rabbit anti-GPx4 (Abcam, 125066), rabbit anti-
GPx4 (Proteintech, 14432) mouse anti-4-HNE (Abcam,
ab48506), rabbit anti-HO-1 (Affinity, AF5393), rabbit anti-
Nrf2 (Proteintech, 16396), rabbit anti-Transferrin receptor
(Abcam, ab214039),and mouse anti-p-actin (Proteintech,
66009). Antibody dilutions were according to manufac-
turer's instructions.

The following reagents were used: Deferoxamine
(Sigma-Aldrich, D9533), Ferrostatin-1 (Medchemexpress,
HY-100579), Necrostatin-1 (Medchemexpress, HY-
15760), Z-VAD-FMK (Medchemexpress, HY-16658B), CQ
(Medchemexpress, HY-17589A).

2.2 | Cell culture

Bronchial epithelial cell line HBE135-E6E7 (ATCC, CRL-
2741) was cultured in KM (Sciencell, 2101) in 5% CO, and
95% humidity at 37°C.

2.3 | Animal and experiment design
BALB/cmice (female, 6-week old, 20-24 g) were purchased
from Guangdong Medical Laboratory Animal Center. The
mice were housed in the laboratory with a 12:12-h light/
dark cycle at 24°C in an atmosphere of 40%-70% humidity.
Food and water were sterilized and all experiments involv-
ing animals complied with the ARRIVE guidelines. All the
animal experiments were approved by the Committee on
the Ethics of Animal Experiments of Southern Medical
University in Guangzhou, China and performed under
standard guidelines for the Care and Use of Laboratory
Animals. HDM was purchased from ALK-Abello A/S.
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Thirty-two BALB/c mice were randomly distributed
to four groups: (1) control group, (2) HDM group, (3)
HDM+DFO group, and (4) HDM + ferrostatin-1 (Fer-1)
group. Mice were challenged by intraperitoneal injection
of 0.2 ml of saline solution containing HDM (400 U) on
day 0 and day 7. Then, the mice were challenged intra-
nasally every other day during 3 weeks, with 0.02 ml of
saline solution containing HDM (400 U) or saline as con-
trol. Inhibitor of ferroptosis, DFO (100 mg/kg) and Fer-1
(20 mg/kg), was administered intraperitoneally 1 h before
each HDM challenge. All the mice were sacrificed on day
28.

2.4 | Cellviability and Cell death assay
For the assessment of cell viability, HBE cells were
treated with the Cell Counting Kit-8 reagent (Dojindo,
CKO04) according to the manufacturer's instructions.
For the assessment of cell death, HBE cells were seeded
in 12-well culture plates and treated with Viability/
Cytotoxicity Assay Kit (Proteintech, PF00007). Cells
were rinsed in PBS three times and incubated for 20 min
in the dark at room temperature in 2 pmol/L Calcein-AM
and 5 pmol/L PI. Under blue light excitation, living cells
appeared green fluorescence and the nuclei of dead
cells displayed red fluorescence (per Calcein-AM, PI
instructions).

2.5 | Measurement of lipid peroxidation
in vitro

HBE cells were seeded in 15 mm glass bottom cell culture
dish and treated as described above. Lipid peroxidation
was measured using a C11-BODIPY 581/591 probe (Ther
moFisher Scientific, D3861). Briefly, cells were incubated
for 30 min with C11 BODIPY 581/591 (1 pM) in growth
medium. Fluorescence of C11 BODIPY was measured by
simultaneous acquisition of the green (484/510 nm) and
red signals (581/610 nm), providing a ratiometric indica-
tion of lipid peroxidation.

2.6 | Transmission electron microscopy
HBE cells treated with HDM or erastin were fixed with
2.5% glutaraldehyde fixator at room temperature and
avoid light for 30 min, and then transferred to 4°C for
storage. Photographed using transmission electron mi-
croscopy (TEM, HITACHI HT7700 120 kV).
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2.7 | Measurement of MDA

Levels of MDA were determined with the MDA Assay
Kit (Beyotime, S0131S) according to the manufacturer's
instructions.

2.8 | Analysis of bronchoalveolar
lavage fluid

Bronchoalveolar lavage fluid (BALF) samples were col-
lected by flushing the right lungs three times with 1 ml PBS
using a 1-ml syringe inserted into a cannula. Total cells in
BALF were counted, and a cytospin sample was prepared
and stained with Giemsa for blinded assessment of eosino-
phil cells percentages in BALF. Then BALF samples were
centrifuged (1000 rpm, 10 min). The supernatants were
harvested and stored at —80°C. The levels of IL-4, IL-5,
IL-13, TNF-a, and IL-33 in the processed BALF samples
were measured using Magnetic Luminex Assay (1.141459)
according to the manufacturer's instructions. In addition,
the levels of HMGB1 (CUSABIO, E08225m) in BALF were
measured using ELISA according to the manufacturer's
instructions.

2.9 | Cytokines in cell

After the indicated treatment, the cell culture supernatant
was collected and cell were lysed. Secretions of TNF-a
(CUSABIO, E04740h) and intracellular levels of HMGB1
(CUSABIO, E08223h) and IL-33 (MEIMIAN, 8648) were
measured using commercial ELISA kits according to the
manufacturer's instructions.

2.10 | Transfection of siRNA and plasmids
Short interfering RNAs (siRNAs) were synthesized by
GenePharma, and plasmids were synthesized by Hanbio. HBE
cells transfections were conducted using Lipo3000 (Thermo
Fisher Scientific) following the manufacturer’s protocol. After
48 h, cells were further stimulated with different reagents.
The successfully transfected clones were confirmed by west-
ern blotting. The following sequences were used in this study:
GPX4 (sense, 5-GACCGAAGUAAACUACACUTT-3'; an-
tisense, 5-AGUGUAGUUUACUUCGGUCTT-3"); NCOA4
(sense, 5-GCAUAAAGAUUCCCUGAAUTT-3; anti-
sense, 5-AUUCAGGGAAUCUUUAUGCTT-3’); ATG5
(sense, 5-GACCUUUCAUUCAGAAGCUTT-3'; antisense,
5'-AGCUUCUGAAUGAAAGGUCTT-3").
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211 | Western blotting and co-
immunoprecipitation

Total cell lysates were obtained using the Total Protein
Extraction Kit (KeyGen Biotech) according to the manu-
facturer's instructions. Proteins were subjected to SDS-
PAGE, transferred to PVDF membranes, and probed with
various primary antibodies and LICOR: fluorescence-
labeled secondary antibodies (#926-68071, 926-32210).
Blots were visualized using a LICOR Odyssey fluores-
cent imaging system (LICOR Biotechnology) finally. For
coimmunoprecipitation, protein extracts from cells were
incubated with indicated primary antibody overnight at
4°C. The immune-complexes were cleared with Protein
A/G Magnetic Beads (Thermo Scientific). Input lysates
were run simultaneously with the IP samples on 10%
polyacrylamidegels and visualized with LICOR Odyssey
Scanner.

2.12 | Pathological staining and
immunohistochemistry

Lung sections were stained with hematoxylin and
eosin (H&E) to evaluate the degree of inflammatory
cell infiltration around the bronchus. The expressions
of GPX4, FTH, 4HNE, NCOA4, HO-1, and Nrf2 were
characterized by immunohistochemistry using specific
antibodies. Briefly, lung slices were dewaxed in xylene,
followed by antigen retrieval with citrate buffer (pH
6.0) and incubated overnight with antibodies against
GPX4 (Proteintech, 1:100), FTH (ABclonal, 1:100),
4HNE (Abcam, 1:100), NCOA4 (Affinity, 1:100), HO-1
(Affinity, 1:100) and Nrf2 (Proteintech, 1:100). Then,
lung slices were incubated with secondary antibody for
30 min and visualized with a DAB substrate kit (Zhong
Shan Jin Qiao).

2.13 | Iron assay

The level of iron in lung tissue was measured by Iron
Assay Kit (Dojindo, 1291) according to the manufacturer's
instructions. And the level of iron in HBE cells were meas-
ured by Iron Colorimetric Assay Kit (Applygen, E1042)
according to the manufacturer's instructions.

2.14 | Catalytic Fe (II) imaging

HBE Cells were seeded on a confocal dish for 24 h. After
treatment, cells were washed three times with HBSS. Then,
cells were incubated for 30 min at 37°C, 5% CO, incubator

with RhoNox (Dojindo, F374) and LysoTracker Green
DND-26 (Meilunbio, MB6042). The cells were imaged
using the confocal microscope (Olympus Corporation).

2.15 | Flow cytometric analysis

HBE cells were seeded at a density of 2.5 x 10° cells per
well in 6-well plates, and treated 24 h with or without
HDM. The percentage of cells undergoing apoptosis was
measured using flow cytometry with PI and Annexin-V
double staining.

2.16 | Statistical analysis

Statistical analysis was performed by the GraphPad Prism
7 software (GraphPad). The ¢t test was used to analyze dif-
ferences between two groups, and one-way ANOVA was
used to evaluate the statistical significance among groups.
The results are presented as the mean + standard devia-
tion (SD) or mean #+ standard error of mean (SEM), and
values of p < .05 were considered statistically significant.
At least three independent experiments were carried out
for the statistical comparisons.

3 | RESULTS

3.1 | House dust mite (HDM) induce the
ferroptosis of human bronchial epithelial
cells

To elucidate the involvement of ferroptosis in HDM-
mediated cell death, HDM-induced lipid peroxidation was
evaluated by C11 BODIPY staining after 24 h of HBE cell
exposure to HDMs. C11 BODIPY staining showed obvi-
ous lipid peroxidation in response to HDM exposure. DFO
and Fer-1, two specific ferroptosis inhibitors, clearly ab-
rogated HDM-induced lipid peroxidation (Figure 1A,B)
and significantly inhibited HDM-induced cell death, as
measured by Cell Counting Kit-8 (CCK-8) and viability/
cytotoxicity assays, respectively (Figure 1D-F). DFO and
Fer-1 also decreased the level of MDA (a lipid peroxidation
product) in cells treated with HDM (Figure 1C). Western
blot analysis results showed that both HDM and Erastin
(a ferroptosis inducer) inhibited GPX4 protein expression
(Figure 1G and Figure S1A). Ferroptosis as the mecha-
nism of HDM-induced cell death was further supported
by the flow cytometry results and the negligible effects
of treatment with the necroptosis inhibitor necrostatin-1
(Nec-1) and the apoptosis inhibitor zZVAD-FMK on HDM-
induced cell death (Figure S1B,C).
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FIGURE 1 HBE cells were treated with house dust mite (HDM) (800 p/ml) for 24 h. deferoxamine (50 uM) or ferrostatin-1 (20 uM) was
added to HBE cells 1 h before HDM treatment. (A,B) Lipid peroxidation was assessed by C11 BODIPY staining, and quantitative analysis

of fluorescence intensity of each group (n = 4). Scale bar = 20 um. (C) Levels of MDA were determined by MDA Assay Kit. (D,E) Cell

death was assessed by PI and Calcein-AM staining, and statistical analysis of death rates respectively of each group. Scale bar = 100 yum. (F)
Cell viability was assessed by CCKS8 assay. (G) Western blots analysis of GPX4 in cells from these four groups. (H) Representative images

of mitochondrial injury at 24 h under indicated treatment were observed by TEM. Red arrow indicates damaged mitochondria. Scale

bar = 2 pm. The data are presented as the mean + SD, analyzed by one-way ANOVA with Dunnett's multiple comparison test. *p < .05,

*p <.01.

As ferroptosis has unique morphological charac-
teristics, we used transmission electron microscopy to
monitor morphological changes caused by HDM. HBE
cells exposed to HDM exhibited shrunken and damaged

mitochondria, features unique to ferroptosis, with no
other changes observed prior to cell death (Figure 1H).

Next, siRNA-mediated knockdown of GPx4, an intrin-
sic negative regulator of ferroptosis, was performed, and
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efficient knockdown was confirmed by western blotting
(Figure 2A). GPx4 knockdown significantly enhanced
HDM-induced lipid peroxidation and death of HBE cells
(Figure 2B-F). These data suggest that ferroptosis was the
predominant form of HDM-induced cell death under our
experimental conditions.

3.2 | Ferroptosis is involved in HDM-
induced asthma in model mice

To evaluate the involvement of ferroptosis in airway
epithelial cells in vivo, an asthma model was induced
with BALB/c mice exposed to HDMs. Airway epithelial
cell death in this in vivo model was evaluated through
TUNEL assay (Figure 3A). TUNEL-positive cells were in-
creased in HDM-exposed mouse lungs, while Fer-1 and
DFO remarkably reduced the cell death rate (Figure 3B).
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Furthermore, the GPX4 protein was detected by west-
ern blot analysis. We found that the protein expression
of GPX4 was decreased in mice exposed to HDM mice,
and Fer-1 and DFO treatment mitigated the loss of GPX4
(Figure 3C). Immunohistochemistry showed similar
results with mouse airway epithelial cells (Figure 3D).
These data suggest that ferroptosis plays an essential role
in the HDM-induced mouse asthma model.

3.3 | Inhibition of ferroptosis reduces
HDM-induced airway inflammation

Imbalance in Th1/Th2 immunoregulation is a vital char-
acteristic in asthma, in addition to airway inflammation.
Next, we directed our study toward airway inflamma-
tion in asthmatic mice. Compared to HDM-induced
mouse models, significantly decreased infiltration of
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FIGURE 2 (A) Western blot showed the expression levels of glutathione peroxidase 4 (GPx4) in HBE cells transfected with control
short interfering RNA (siRNA) or GPx4 siRNA. (B,C) Lipid peroxidation was assessed by C11 BODIPY staining, and quantitative analysis of
fluorescence intensity of each group (n = 4). Scale bar = 20 um. (D,E) Cell death was assessed by PI and Calcein-AM staining, and statistical
analysis of death rates respectively of each group. Scale bar = 100 um. (F) Cell viability was assessed by CCK8 assay. The data are presented
as the mean + SD, analyzed by one-way ANOVA with Dunnett's multiple comparison test. *p < .05, **p < .01. n = 3.
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FIGURE 3 (A,B) TUNEL fluorescence staining and statistical analysis of cell death in mice lung sections. Green fluorescence in pictures
represent positive signals (cell death), while blue fluorescence represent nuclear staining (n = 4). Scale bar = 100 pm. (C,D) Western blots
analysis of GPX4 in lung tissue from these four groups and quantification of GPX4 protein levels relative to p-actin is shown (n = 6). (E)
Immunohistochemical staining of GPX4 in mouse lung airway. The data are presented as the mean + SD, analyzed by one-way ANOVA with

Dunnett's multiple comparison test. *p < .05, **p < .01, ***p < .001.

total bronchoalveolar lavage fluid (BALF) cells and eo-
sinophils was observed in the mice treated with Fer-1
and DFO (Figure 4B,C). H&E staining further revealed
that the accumulation of airway inflammatory cells in
the peribronchiolar and perivascular regions was clearly
reduced in HDM-treated mice (Figure 4A). HDM stimu-
lation led to increased levels of IL-4, IL-5 and IL-13 ex-
pression in the BALF cells of asthmatic mice, and this
response was blocked by coadministration of Fer-1 or

DFO (Figure 4D-F). The expression of TNF-a, IL-33
and HMGB], known as proinflammatory molecules as-
sociated with ferroptosis, was increased in the BALF
of HDM-induced mice, and the increase in these cy-
tokines was attenuated by treatment with Fer-1 or DFO
(Figure 4G-I). Furthermore, we got similar results in
cell experiments (Figure 4J-L). These data indicate
that DFO and Fer-1 reduced HDM-induced airway
inflammation.



ZENG ET AL.

% | EASEB oo

(A) cTL

HDM

(B)Aﬁ_ ©) F o
v o
=) X
= % 40
= i
t—3 <
o
° 2 204
s =
[T Q
- o
< £
o é o
S O N % o !
Q‘o®<§<§x‘<o & Q*OQKOQ <&
QS> QS> QS> Q$>
*%k *%k o *
(D)AGO' ,il ' (E):150- i
E £ f 1
G o))
340- £ 1004
[TH L
2 3
a 50
£ 207 IS
g, it
=| _—
0- 0-
4)« w§> O :\
~29®<§< <&
SR
(G) (H) *x *x
— 2007 Mg 1
£ E 1
2 D 150
[T
4 W i
< Z 100
£ c
o] o 50
w ®?
Z =
l_ o_
S O AN
& O
0@ o
W) _ (K) N
E *%k *
E::_Ao- — ,—|** gzs— LT
£ = g 50
S 304 e
[39] [0
c T 15-
& 20- 2
§ 2'=3 10
S 104 £ 5
£ ™
[32]
,E 0- 4 o~
Z
E & 0 AN Q& O N
&L K & $ <\°®x0‘< <@
SRS SRS

HDM+DFO

HDM+Fer-1

(F) _ so-

IL-13 in BALF (pg/ml)

U]

2000+

1500+

1000+

500

HMGBH1 in cell lysates (pg/ml) T

=]
1

%% * %

Qv S 0 ,\,'\
(R XQQ <8
QS)
* -
-

Q\0® QQO « ?},'\
Q\°§ Q~0®

FIGURE 4 (A) Representative lung tissue sections stained with H&E. Scale bar = 100 um. (B) Total bronchoalveolar lavage fluid
(BALF) cell counts. (C) BALF eosinophil counts. (D-I) levels of IL-4, IL-5, IL-13, TNF-a, IL-33, HMGB1 in BALF (n 2 5). (J) ELISA analysis
of TNF-« levels in the cell culture supernatant from these four groups (n = 3). (K,L) ELISA analysis of IL-33 and HMGBI levels in the cell
lysates of HBE cells from these four groups (n = 3). The data are presented as the mean + SD, analyzed by one-way ANOVA with Dunnett's

multiple comparison test. *p < .05, **p < .01, ***p < .001.
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3.4 | HDM induce increased free iron
levels and promote oxidative stress

Increased free iron plays a critical role in Fenton reac-
tions during ferroptosis. Next, we assessed whether HDM
increase intracellular labile iron in experimental mouse
models of asthma. The western blot analysis revealed
that HDM exposure induced an increase in ferritin heavy
chain (FTH) and transferrin receptor (TFR) expression in
lung tissue (Figure 5B). And the iron assay results showed
significantly higher concentration of iron in lung ho-
mogenates from HDM-exposed lungs, and DFO reduced
the iron ion content, but Fer-1 had no effect (Figure 5A).
The expression of FTH in lung tissue as detected by west-
ern blot analysis also indirectly reflected this increase in
iron concentration (Figure 5C). Immunohistochemistry
revealed the presence of FTH in epithelial cells, with
increased signaling in the HDM-induced lungs of asth-
matic mice, and this increase was abrogated by DFO
(Figure 5D). Furthermore, immunohistochemical stain-
ing of the lipid peroxidation marker 4-hydroxynonenal
(4HNE) showed that HDM greatly increased the produc-
tion of 4-hydroxynonenal, particularly in airway epithe-
lial cells, indicating aberrant lipid peroxidation during
HDM-induced asthma. Moreover, Fer-1 or DFO pretreat-
ment significantly decreased the expression of 4HNE
(Figure 5D).

Our in vitro experiments also demonstrated that free
iron levels in HBE cells were elevated after HDM ex-
posure for 24 h (Figure 6A). In addition, we detected
the protein levels of FTH, Nrf2 and HO-1 by western
blotting and found a time-dependent increase in these
proteins upon HDM stimulation (Figure 6B). Next, our
western blot data showed that DFO decreased the ex-
pression of FTH, Nrf2, and HO-1, which had been in-
creased by HDM exposure (Figure 6C). Similar to the
results of our in vivo experiment, Fer-1 showed no obvi-
ous effect on the expression of FTH and increased Nrf2
and HO-1 expression. And we got similar results in cells
treated with Erastin (Figure S2A,B). These results may
have been results of Fer-1 increasing the antioxidant ca-
pacity of cells by increasing the expression of proteins
such as Nrf2 and HO-1.

We verified that the increased iron level caused ox-
idative stress in HBE cells. We used ferrous ammonium
sulfate hexahydrate (FASH) to stimulate the cells and
measured intracellular iron levels 24 h later (Figure 6D).
DFO significantly inhibited cell death induced by FASH
(Figure 6G). C11 BODIPY staining showed that DFO
clearly abrogated FASH-induced lipid peroxidation
(Figure 6H,I). Next, we detected the protein levels of FTH,
Nrf2 and HO-1 by western blot analysis, and all the west-
ern blot data showed similar results to those obtained after
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HDM exposure (Figure 6E,F). These results suggest that
HDM aggravates oxidative stress by inducing an increase
in free iron levels.

3.5 | Ferritinophagy is involved in HDM-
induced cell death

Finally, we focused on how HDM cause an increase in
intracellular iron levels. It has been previously dem-
onstrated that the autophagic degradation of ferritin
can promote ferroptosis and that NCOA4 is a selective
cargo receptor that mediates ferritin degradation in lys-
osomes.” In this study, we investigated whether the
NCOA4-mediated degradation of ferritin is associated
with HDM-induced ferroptosis of epithelial cells. The
western blot analysis and immunohistochemistry of
mouse lung tissue revealed that HDM exposure induced
an increase in NCOA4 expression in airway epithelial
cells (Figure 7A,B). A coimmunoprecipitation analysis
also showed that HDM caused an increase in the amount
of FTH bound to NCOA4 (Figure 7C). Furthermore,
NCOA4 knockdown inhibited HDM-induced ferritin
degradation in HBE cells (Figure 7D). Additionally, we
found that NCOA4 knockdown alleviated HDM-induced
free iron level increases and reduced the cell death rate
(Figure 7E,F). A recent study demonstrated that HDM
activated autophagy in airway epithelial cells.’® In agree-
ment with this observation, HDM exposure increased the
expression of the autophagy-related protein LC3 in HBE
cells (Figure 7G). FTH accumulation was also enhanced
when autophagy was inhibited by ATG5 and P62 siRNA
transfection and by treatment with the autophagy in-
hibitor chloroquine (CQ) (Figure 7H,M and Figure
S3B). ATG5 knockdown alleviated HDM-induced free
iron level upregulation and cell death (Figure 7L,J). And
we found that the co-localization of the ferrous (Fe")
iron and lysosomes increased significantly after HDM
treatment by fluorescent probes (Figure 7K,L). To test
whether there was a simultaneous degradation of FTH
protein upon ferroptosis induction, we transfected plas-
mids containing GFP-FTH into HBE cells and monitored
the level of ectopically expressed GFP-FTH. The results
showed that HDM induced the degradation of GFP-
FTH, which could be prevented by autophagy inhibitor
CQ (Figure 7N). Furthermore, we tested the protein lev-
els of TFR, FPN1 and FTH in a time-course experiment
and showed that FTH degradation is the major cause
of iron-overload overwhelming iron-uptake/transport
(Figure S3A). These data indicated that HDM induced
NCOA4-mediated autophagic-dependent degradation of
FTH, which was critical for the HDM-induced ferroptotic
death of HBE cells (Figure 8).
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FIGURE 5 (A)The amount of free iron in mice lung tissue was measured by Iron Assay Kit. (B) Western blots analysis of FTH and TFR
in mice lung tissue. (C,D) Western blots analysis of FTH in mouse lung tissue from these four groups and quantification of FTH protein

levels relative to B-actin is shown (mean + SEM, n = 6). (E) The expression of 4HNE and FTH in mouse lung airway were determined by

immunohistochemical staining. Scale bar = 100 pm. The data are analyzed by one-way ANOVA with Dunnett's multiple comparison test.

*p < .05, **p < .01, ***p < .001.

4 | DISCUSSION

In this study, we demonstrated that HDM induced fer-
roptosis of airway epithelial cells by activating NCOA4-
mediated ferritinophagy. The degradation of ferritin
further released large quantities of free iron produced via

Fenton reactions and aggravated oxidative stress, lipid
peroxidation and the release of cytokines and chemokines,
such as IL-33, HMGB1, and TNF-a, which promote the in-
flammatory reactions in asthma.

The death of airway epithelial cells has been shown to
play an important role in asthma pathogenesis.’’ Dead
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FIGURE 6 (A,D)The amount of free iron in cells treated with house dust mite (HDM) (800 p/ml) or FASH (100 pM) was measured by
Iron Colorimetric Assay Kit (student's ¢-test, n = 3). (B,E) Western blots analysis of FTH, HO-1 and Nrf2 in cells treated with HDM or FASH
for 6, 12 and 24 h. (C,F) HBE cells were treated with HDM or FASH for 24 h. deferoxamine (50 uM) or ferrostatin-1 (20 uM) was added to
HBE cells 1 h before HDM treatment. Western blots analysis of FTH, HO-1 and Nrf2 in cells. (G) Cell viability was assessed by CCKS assay.
(H,I) Lipid peroxidation was assessed by C11 BODIPY staining, and quantitative analysis of fluorescence intensity of each group. Scale

bar = 20 um. *p < .05, **p < .01, analyzed by one-way ANOVA with Dunnett's multiple comparison test, n = 3. All the data are presented as

the

epithelial cells are found in the airways of patients, but it
remains to be determined whether these cells die via necro-
ptosis, apoptosis or other types of cell death. It has been pre-
viously demonstrated that corticosteroids induce apoptosis

mean + SD.

of airway epithelial cells in asthma.*
(TDI), a material in many kinds of industrial and consumer
products, has been recognized as the most common cause
of occupational asthma and found to induce pyroptosis of

Toluene diisocyanate
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a human bronchial epithelial cells and bronchial epithelial of asthmatic patients are allergic to HDMs.*** Because they

cells of TDI-induced asthmatic mice.*> However, exposure
to HDM allergens is a major risk factor for allergic sensitiza-
tion and asthma development,34’35 and between 50% and 85%

are among the most problematic allergens, HDMs in aller-
gic asthma induction were the focus of our study. However,
neither ZVAD-FMK, an apoptosis inhibitor, nor Nec-1, a
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FIGURE 7 (A) Western blots analysis of NCOA4 in mouse lung tissue. (B) Immunohistochemical staining of NCOA4 in mouse

lung airway. Scale bar = 100 um. (C) Co-immunoprecipitation assays with NCOA4 and FTH. Samples before (Input) and after (IP)
immunopurification were analyzed by immunoblotting using NCOA4 and FTH antibodies. (D-F) HBE cells were transfected with control
short interfering RNA (siRNA) or NCOA4 siRNA for 48 h before house dust mite (HDM) (800 p/ml) exposure. (D) Western blots showing
expression levels of FTH and NCOA4 in HBE cells treated with HDM for 24 h. (E) Labile iron pool was measured in control or HDM treated
HBE cells. (F) Cell viability was assessed by CCK8 assay. (G) Western blots showing expression levels of LC3 in HBE cells treated with
HDM for 6, 12 and 24 h. (H-J) HBE cells were transfected with control siRNA or ATG5 siRNA for 48 h before HDM (800 p/ml) exposure.
(H) Western blots showing expression levels of FTH and ATGS5 in HBE cells treated with HDM for 24 h. (I) Labile iron pool and (J) cell
viability was measured. (K,L) RhoNox is a probe to detect ferrous, and LysoTracker Green DND-26 is a probe to detect lysosomes. The cells
were stained for 30 min/37°C with RhoNox (red; 1 uM) and LysoTracker Green DND-26 (green; 100 nM). The yellow punctate staining
demonstrates the electronic merge (Merge) of LysoTracker and RhoNox. Confocal microscopy analysis of co-localization of two probes.
Scale bars = 20 pm. (M) Western blots analysis of FTH and LC3 expression level in HBE cells following HDM treatment with or without CQ
(20 pM) 24 h. (N) HBE cells were treated as indicated. Western blots analysis of FTH and GFP-FTH expression level in cells. The data are
presented as the mean + SD, analyzed by one-way anova with Dunnett's multiple comparison test, *p < .05, **p < .01.
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FIGURE 8 Schematic diagram of the molecular mechanisms underlying the house dust mite induce airway epithelial cell ferroptosis

and promote inflammation by activating ferritinophagy in asthma.

necroptosis inhibitor, showed apparent inhibition of HDM-
induced HBE cell death under our in vitro experimental
conditions. Different doses of HDM extract may elicit differ-
ent types of cell death at different time points; therefore, it is
inappropriate to suggest that on type of death was predomi-
nant, and it is possible that asthmatic airway epithelial cells
undergo different types of cell death. However, in this study,
we showed that HDM-induced cell death is at least partially
attributable to the ferroptosis of HBE cells. Our findings
showed that HDMs also activated epithelial cells to release
cytokines such as TNF-q, a representative necroptosis trig-
ger, suggesting that ferroptosis might trigger other types of
necrotic regulated cell death. This outcome may explain the
reason that asthmatic airway epithelial cells may succumb
to various types of death.

In our experiments, we found that there were higher
levels of iron in the lung tissues of the asthma model.
It has been reported that free iron levels or the expres-
sion of ferritin are related to asthma.?®3%3° However,
it is unclear whether altered iron levels play a role in
the pathogenesis of asthma or whether these changes
are a consequence of asthma pathogenesis. In our in
vivo experiment, we found that DFO reduced the iron
level in the lung and attenuated key features of asthma,
including airway inflammation and T2 cytokine pro-
duction. In our study, DFO, but not Fer-1, decreased
HDM:-induced upregulation of FTH (Figure 6C). DFO
plays a role in binding free iron to inhibit ferroptosis, so
it can bind with HDM-induced iron. As we mentioned
above, the expression of FTH can be promoted by excess
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iron. Thus, there is no need for cells to produce more
FTH. However, the major function of Fer-1 is to inhibit
lipid peroxidation, but not directly affect the expression
of FTH. So, upregulation of FTH upon HDM treatment
could be reversed by DFO but not Fer-1. Together, these
data provide strong evidence that increased iron levels
in tissue play key functional roles in the pathogenesis
and increased severity of asthma.

Autophagy is the major intracellular degradation sys-
tem by which cytoplasmic materials are degraded in ly-
sosomes to maintain cell viability and homeostasis. The
impairment or activation of autophagy contributes to the
pathogenesis of diverse diseases, from neurodegenerative
diseases to inflammatory disorders.*’ It has been reported
that autophagy is involved in the execution of ferroptosis.*'
Importantly, lysosomal dysfunction and impaired auto-
phagic flux are involved in the molecular pathogenesis of
iron overload and lipotoxicity.**** In the pathogenesis of
asthma, autophagy has been shown to promote the epi-
thelial Th2 response,** and autophagy inhibition in a
murine model of asthma reduces airway responsiveness,
eosinophilia, and inflammation.*® Ferritinophagy has been
identified as the novel selective autophagic degradation of
ferritin mediated by the specific adaptor protein NCOA4.%®
Our experiments showed that NCOA4 knockdown signifi-
cantly reduced the level of free iron and reestablished cell
viability in response to HDM exposure, and excess iron
promoted lipid peroxidation, further supporting the notion
that free iron release by NCOA4-mediated ferritinophagy
plays a regulatory role in ferroptosis. And our experimen-
tal results also showed that the use of CQ can reduce the
expression of TNF-a, IL33 and HMGB1 in HDM-treated
cells (Figure S4A-C). This mechanism may explain the re-
lationship between asthma and autophagy and the reason
that blockade of autophagy reduces airway inflammation
in asthma.

As a kind of RCD, ferroptosis has positive effects
on inflammation that have been confirmed by com-
pelling evidence, and some ferroptosis inhibitors have
been shown to exert anti-inflammatory activity in ex-
perimental models of certain diseases.® Type 2 inflam-
mation is an important disease mechanism in a large
subgroup of individuals with asthma, and type 2 cyto-
kines provided multiple potential therapeutic targets for
asthma.?’ A recent study has shown that environmental
allergens house dust mite-induced asthma is associated
with ferroptosis in the lungs, and the effect of agonists
and inhibitors of ferroptosis on airway inflammation in
HDM-induced asthma also requires further study.*® In
our in vivo experiment, we found that HDM-induced
mice treated with ferroptosis inhibitors (DFO and Fer-1)
had decreased IL-4, IL-5 and IL-13 expression levels. The

results indicated that inhibition of ferroptosis reduced
type 2 airway inflammation in asthma.

In conclusion, our findings support the likely role of
ferritinophagy-mediated ferritin degradation during fer-
roptosis in asthma pathogenesis. The accumulation of
free iron accelerates the inflammatory response during
HDM exposure of airway epithelial cells, and DFO and
Fer-1 treatment can relieve airway inflammation in
HDM-induced asthma. Therefore, we believe that this
study provides important clues for developing novel
asthma treatments targeting ferroptosis by regulating
iron hemostasis and lipid peroxidation. The extent to
which ferroptosis is involved in asthma caused by differ-
ent hazard factors remains largely unknown. The gen-
eral areas needing clarification, such as the relationship
between ferroptosis and iron, lipid peroxidation, oxida-
tive stress injury, and autophagy need to be specifically
addressed in lung diseases. More comprehensive and
in-depth research on ferroptosis in the field of lung dis-
eases is needed to expand our knowledge and techniques
against lung impairment to increase the clinical benefi-
cial outcomes in the future.
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