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ARTICLE INFO ABSTRACT

Editor: Professor Bing Yan Mitochondrial dysfunction was reported to be involved in the development of lung diseases including chronic
obstructive pulmonary disease (COPD). However, molecular regulation underlying metabolic disorders in the

Keywords: airway epithelia exposed to air pollution remains unclear. In the present study, lung bronchial epithelial BEAS-2B

Ferroptosis and alveolar epithelial A549 cells were treated with diesel exhaust particles (DEPs), the primary representative of

COPD

ambient particle matter. This treatment elicited cell death accompanied by induction of lipid reactive oxygen
species (ROS) production and ferroptosis. Lipidomics analyses revealed that DEPs increased glycerophospholipid
contents. Accordingly, DEPs upregulated expression of the electron transport chain (ETC) complex and induced
mitochondrial ROS production. Mechanistically, DEP exposure downregulated the Hippo transducer transcrip-
tional co-activator with PDZ-binding motif (TAZ), which was further identified to be crucial for the ferroptosis-
associated antioxidant system, including glutathione peroxidase 4 (GPX4), the glutamate-cysteine ligase catalytic
subunit (GCLC), and glutathione-disulfide reductase (GSR). Moreover, immunohistochemistry confirmed
downregulation of GPX4 and upregulation of lipid peroxidation in the bronchial epithelium of COPD patients and
Sprague-Dawley rats exposed to air pollution. Finally, proteomics analyses confirmed alterations of ETC-related
proteins in bronchoalveolar lavage from COPD patients compared to healthy subjects. Together, our study
discovered that involvement of mitochondrial redox dysregulation plays a vital role in pulmonary epithelial cell
destruction after exposure to air pollution.

Particular matter
Mitochondrial redox
Hippo

1. Introduction notorious particulate matter (PM), is positively related to the risk of
chronic respiratory diseases including asthma, chronic bronchitis, and

Epidemiological studies have demonstrated that long-term exposure chronic obstructive pulmonary disease (COPD). COPD is now the third

to ambient air pollution such as gases and toxic particles, including the leading cause of deaths worldwide (Vogelmeier et al., 2017). Symptoms
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characterizing COPD include progressive airflow obstruction, airway
inflammation, and systemic effects or comorbidities. The damage pro-
cesses of COPD include inflammation and oxidative stress which are
produced by high concentrations of free radicals from tobacco smoke
and air pollution. Destruction of connective tissues in the lungs leads to
emphysema, which further contributes to poor airflow, and ultimately
impairs absorption and release of respiratory gases (Agusti et al., 2023;
Brightling and Greening, 2019). Another well-known cause of COPD is
inflammation triggered by immune cells, resulting in fibroblast prolif-
eration and tissue remodeling (Aghasafari et al., 2019). Exposure to PM,
such as PM with an aerodynamic diameter of < 2.5 um (PM2.5) and
PM10, is recognized to be involved in the COPD pathogenesis. After
inhalation of PM, it is internalized into lung epithelial cells and alveolar
macrophages, resulting in increased oxidative stress and impaired
cellular functions (Feng et al., 2016; Gualtieri et al., 2011). Oxidative
stress caused by PM2.5 is suspected of coming from three origins:
persistent free radicals in PM2.5 (Gehling and Dellinger, 2013), organic
chemicals that are absorbed onto PM2.5, and transitional metals in
PM2.5 that disrupt cellular enzymes (Montoya-Estrada et al., 2013).
Altogether, increased oxidative stress and inflammation are important
mechanisms by which PM2.5 reduces pulmonary function and mediates
the development, maintenance, and exacerbation of airway obstruction.

Ferroptosis is a novel non-apoptotic type of cell death that plays a
complex role in many pathophysiological developments. Ferroptosis is
triggered by disrupted iron homeostasis, resulting in excesses reactive
oxygen species (ROS) production through the Fenton reaction and
further leads to lipid peroxidation. The process of ferroptosis is closely
associated with metabolic processes including iron metabolism, lipid
metabolism, and amino acid metabolism (Jiang et al., 2021). Addi-
tionally, the involvement of mitochondrial respiration by dysregulating
glutaminolysis and polyunsaturated fatty acid (FA; PUFA) synthesis in
collaboration with excess ROS consequently promotes lipid peroxidation
and aggravates ferroptosis (Chen et al., 2021a). The mainstay of fer-
roptosis control is the glutathione (GSH) peroxidase 4 (GPX4)/GSH
system. GPX4 binds to its cofactor, GSH, to reduce peroxidation of lipids.
Additionally, reductions of oxidized GSH (GSSG) by glutathione reduc-
tase (GSR) and GSH biosynthesis via cysteine-glutamate also play crit-
ical roles in ferroptosis control (Chen et al., 2021a). Recent studies found
that ferroptosis is closely associated with the development and pro-
gression of many lung diseases including acute lung injury, pulmonary
ischemia-reperfusion injury, lung cancer, and COPD (Yu et al., 2021).
Besides, patients with COPD have a surfactant lipidome permanent and
significant alterations that correlate with disease severity (Agudelo
et al., 2020). Additionally, PM2.5 induced ferroptosis in endothelial and
neuron cells, and was associated with cardiac fibrosis (Hu et al., 2023;
Wang and Tang, 2019; Wei et al., 2022). However, the detailed regu-
latory mechanism underlying diesel exhaust particle (DEP)-mediated
ferroptosis in lung epithelial cells remains unclear.

Yes-associated protein (YAP) and its paralogue, transcriptional co-
activator with PDZ-binding motif (TAZ), are transducers of the Hippo
pathway which participate in organ development and tissue homeo-
stasis. Dysregulation of the YAP/TAZ signaling pathway contributes to
the development and progression of chronic lung diseases, including
lung fibrosis, asthma, COPD, and lung cancer (Gokey et al., 2021;
LaCanna et al., 2019). YAP is ubiquitously expressed by airway struc-
tural cells that regulates airway epithelial stem cells and determines
epithelial architecture (Isago et al., 2020; Zhao et al., 2014). Addition-
ally, TAZ regulates expression of surfactant protein C in respiratory
epithelial cells (Park et al., 2004), which is essential for normal alveo-
larization. Loss of TAZ in mice led to an emphysematous lung phenotype
that is a typical symptom of patients with COPD (Makita et al., 2008;
Yeh et al., 2022). However, the literature regarding the role of YAP/TAZ
in COPD development remains unclear. YAP/TAZ plays a crucial role in
lipid metabolism and cellular redox homeostasis, and it was recently
reported to be involved in ferroptosis in cancer cells (Magesh and Cai,
2022; Yang and Chi, 2020).
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Ferroptosis is caused by redox-imbalance that can occur through two
major pathways. The production of oxidants from mitochondria, and the
reduction of antioxidants by either transporter (e.g., decreased cysteine/
glutamine uptake) or enzymatic (e.g., inhibition of GPX4/GCLC)
signaling. Although studies have reported that PM2.5 triggered ferrop-
tosis in different cell types, the cellular effect and molecular mechanism
underlying DEPs on ferroptosis in lung epithelial cells is still unclear.
Herein, we found that a mitochondrial redox imbalance plays a critical
role in DEP-mediated ferroptosis in lung bronchial and alveolar
epithelial cells. We identified that DEPs exposure increases glycer-
ophospholipid content, and that DEPs upregulates electron transport
chain (ETC) complex expression accompanied by increased mitochon-
drial ROS levels. On the other hand, DEPs decreased the glutathione
antioxidant system through downregulating TAZ signaling, and as a
result, aggravated lipid peroxidation and promoted the ferroptosis
process.

2. Materials and methods
2.1. Cell culture and PM exposure

Human bronchial epithelial BEAS-2B and alveolar type II epithelial
A549 cells were purchased from American Type Culture Collection
(ATCC). Cells were cultured in RPMI1640 media containing 10% heat-
inactivated fetal bovine serum (FBS) supplemented with 100 U/ml
penicillin, and 100 U/ml streptomycin (Gibco) in a humid incubator
with 5% CO,. DEPs (SRM 2975) of the National Institute of Standards
and Technology were obtained from Sigma-Aldrich. N-Acetyl-L-cysteine
(NAC) was purchased from Sigma-Aldrich. Cycloheximide (CHX), fer-
rostatin (Fer)—1, MitoTempo, desferrioxamine (DFX), and verteporfin
(VP) were purchased from SelleckChem. BEAS-2B and A549 cells (5000
cells/well) were seeded in 96-well plates in complete medium overnight,
after which the medium was refreshed with 1% serum. Cells were
treated with DEPs (0-100 pg/ml) and specific inhibitors for 48 h. Cells
were refreshed with complete medium containing CCK8 (Donjido), and
the formazan product was detected in a microplate reader at a 450-nm
wavelength. Cell viability is expressed as the percentage of untreated
control cells. Accordingly, a live/death assay was performed using cal-
cein AM/ethidium homodimer (EthD)—1 staining (Biotium).

2.2. Lipidomics analysis

A549 cells (8 x 10°) were seeded in 10-cm dishes and treated with
50 pg/ml DEPs for 48 h. Cell pellets were extracted with 500 pL of an
organic mixture composed of MeOH/methyl tert-butyl ether (MTBE)/
CHCl3 (1.33:1:1, v/v). The extract was mixed (900 rpm) for 1 h at room
temperature, and the supernatant was collected after centrifuging at
15,000 relative centrifugal force (rcf) for 10 min. The supernatant was
evaporated to dryness with a centrifugal evaporator and was recon-
stituted with 50 pL of CHCls/methanol/H,0 (60:30:4.5, v/v). The
sample was further diluted with isopropyl alcohol (IPA)/acetonitrile
(ACN)/H0 (2:1:1, v/v) to 100 pL and subjected to a liquid
chromatography-quadrupole-time of flight mass spectrometric (LC-
QTOF MS; SYNAPT G2 HDMS, Waters) analysis. Metabolites were
identified by comparing the accurate masses, tandem MS (MS/MS)
fragment spectra, and isotopic patterns to the METLIN mass spectral
database and Human Metabolome Database (HMDB vers. 4.0), and
LipidBlast. A heatmap was generated with MetaboAnalyst 4.0.

2.3. Western blotting

Protein lysates were extracted using RIPA buffer (50 mM Tris-HCl
(pH 7.4), 1% Nonidet P-40, 150 mM NaCl, 1 mM EGTA, and 0.025%
sodium deoxycholate) supplemented with a protease and phosphatase
inhibitor cocktail (Roche Diagnostics) and separated by sodium dode-
cylsulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). After
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Western transfer, membranes were immersed with blocking buffer (3%
bovine serum albumin (BSA)/Tris-buffered saline with Tween
(TBST)p.1) and incubated overnight with indicated antibodies. Anti-
bodies against phospholipid hydroperoxide GPX4 (GTX54095), GSR
(GTX114199), and o-tubulin (GTX112141) were obtained from Gene-
Tex. An antibody against TAZ was obtained from Cell Signaling Tech-
nology. Antibodies against human mitochondrial OXPHOS (oxidative
phosphorylation) complex cocktail (ab110411) and glutamate-cysteine
ligase, catalytic subunit (GCLC; ab53179) were obtained from Abcam.
Membranes were washed three times with TBST wash buffer and probed
with an appropriate horseradish peroxidase-conjugated secondary
antibody (Jackson ImmunoResearch). Protein expression was detected
by an enhanced chemiluminescence (ECL) system (Millipore). Western
blotting was performed at least three times, and representative experi-
ments are shown. Protein band intensities were quantified using ImageJ
software, and data are expressed as fold changes relative to the control
group.

2.4. Lipid peroxidation and ROS detection

BEAS-2B and A549 cells were seeded onto eight-well chamber slides,
treated with DEPs (100 pg/ml) for 24 h, stained with C11-BODIPY 581/
591 (ThermoFisher Scientific) for 30 min, and observed under a fluo-
rescent microscope (Zeiss). Lipid reactive oxygen species (ROS) were
quantified by flow cytometry. To detect intracellular ROS and
mitochondrion-specific superoxide, cells were treated with DEPs for 24
h followed by staining with 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA, Sigma) and mitoSOX™ Superoxide Red (ThermoFisher Sci-
entific). Intracellular ROS and mitochondrial superoxide were quanti-
fied by flow cytometry.

2.5. Immunofluorescent (IF) staining

For TAZ immunostaining, cells were seeded onto eight-well chamber
slides and treated with DEPs (100 pg/ml) for 24 h. Cells were fixed with
4% paraformaldehyde for 10 min, blocked with 3% BSA/phosphate-
buffered saline (PBS)/TritonX;gg for 1 h, and then incubated with an
anti-TAZ antibody (1:200, Cell Signaling Technology) overnight at 4 °C.
Slides were washed with PBS followed by incubation with an Alexa
Flour 568-conjugated anti-rabbit antibody (1:250) (Thermo Fisher Sci-
entific) and mounted in UltraCruz mounting medium (Santa Cruz
Biotechnology).

2.6. Immunohistochemistry (IHC)

Lung tissues from COPD patients (IRB no. N201902021) and
Sprague-Dawley rats with whole-body exposure to 6 months air pollu-
tion or high-efficiency particulate air (HEPA) (IACUC no LAC-
2015-0290) were formalin-fixed and paraffin-embedded on slides in our
previous study (Chen et al., 2021b). Paraffin-embedded tissues were
deparaffinized, rehydrated with different concentrations of alcohol, and
heated in an unmasking solution (Vector Laboratories) to retrieve anti-
gens. Slides were incubated with anti-GPX4 (1:200, GeneTex), and
anti-4-hydroxynonenal (4-HNE; 1:200, R&D Systems) primary anti-
bodies overnight at 4 °C and further incubated with the SignalStain
Boost IHC detection reagent (Cell Signaling) at room temperature for 1
h. Slides were washed with PBS and stained with the 3,3-dia-
minobenzidine (DAB) peroxidase substrate (Vector Laboratories)
(Chung et al., 2020).

2.7. Real-time polymerase chain reaction (PCR)

Total RNA was extracted by a GENzolTM TriRNA Pure kit (Geneaid)
and reverse-transcribed by M-MLV reverse transcriptase (Promega).
c¢DNA was amplified by GoTaq qPCR Master Mix (Promega) in a StepOne
Plus Real-Time PCR system (Applied Biosystems). Results were
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calculated using the AACT equation and are expressed as folds of change
relative to control samples. Primer sequences were as follows: GSR
(forward (F): 5-TTCCAGAATACCAACGTCAAAGG-3; reverse (R): 5-
GTTTTCGGCCAGCAGCTATTG-3"), GCLC (F: 5-GGCA-
CAAGGACGTTCTCAAGT-3; R: 5-CAGACAGGACCAACCGGAC-3),
GPX4 (F: 5-~AGTGGATGAAGATCCAACCCAAGG-3; R: 5-GGGCCACA-
CACTTGTGGAGCTAGA-3"), and p-actin (F: 5-AAGTCCCTTGCCATCC-
TAAAA-3’; R 5-ATGCTATCACCTCCCCTGTG-3).

2.8. Statistical analysis

Data are presented as the mean + standard deviation (SD) of three
independent experiments. Statistical significance was determined by an
unpaired, two-tailed Student’s t-test. *p < 0.05, **p < 0.01, and ***p <
0.001 were regarded as statistically significant. All statistical analyses
were performed using GraphPad Prism 6.0 software.

3. Results

3.1. DEPs induce lipid peroxidation and provoke ferroptosis in lung
epithelial cells

To explore the effect of air pollution on airway epithelial cells,
bronchial epithelial BEAS-2B cells and alveolar type II epithelial A549
cells were treated with 0-200 pg/ml DEPs for 24 and 48 h. Results of the
CCKS8 assay showed that DEP exposure dose-dependently reduced via-
bilities of BEAS-2B and A549 cells (Fig. 1A), and calcein AM/EthD-I
staining indicated that treatment with DEPs at 100 pg/ml induced
substantial cell death (Fig. 1B). Ferroptosis is a newly understood type of
cell death caused by excessive iron accumulation and increased lipid
peroxidation, but its involvement in DEPs-elicited cell death is unclear.
We next performed BODIPY 581/591 Cl11 fluorescent staining to
determine the amount of lipid peroxides, a key marker in ferroptosis, in
BEAS-2B and A549 cells after exposure to 100 pg/ml DEPs. Fluorescent
images showed that cellular oxidized lipids had increased by DEPs in
both BEAS-2B and A549 cells (Fig. 1C). Consistent results were obtained
by a flow cytometric analysis that treatment with DEPs increased lipid
peroxidation, whereas this phenomenon was significantly blocked in the
presence of the NAC antioxidant (Fig. 1D), suggesting that DEPs-
triggered ferroptosis was involved in ROS production. To confirm the
involvement of ferroptosis, BEAS-2B and A549 cells were pretreated
with two potent inhibitors of ferroptosis of DFX and Fer-1. DFX is an iron
chelator that blocks the Fenton reaction, while Fer-1 acts as a radical-
trapping antioxidant to terminate lipid peroxidation. Results showed
that the reduced cell viability by DEPs was reversed in the presence of
DFX and Fer-1 in both BEAS-2B and A549 cells (Fig. 1E).

To further characterize the involvement of lipid metabolism in DEP-
elicited ferroptosis, A549 cells were treated with DEPs for 48 h and an
untargeted lipidomics approach was applied. Multivariate principal
component analysis (PCA) score plot was used to determine the main
differences in lipidomic data (Fig. 1F), and PCA and heatmap plots
showed that lipid contents were apparently altered after exposure to
DEPs in A549 cells (Fig. 1G). Moreover, DEP-treated cells exhibited
significantly increased glycerophospholipid species including phospha-
tidylcholine (PC), phosphatidylethanolamine (PE), and cardiolipin (CL),
which are main components of cellular membranes (Fig. 1H). Collec-
tively, these data indicated that DEPs induced lipid peroxidation and
provoked ferroptosis in airway epithelial cells.

3.2. DEPs upregulate ETC complex expression and mitochondrial ROS
production

Because a mitochondrial redox imbalance plays a crucial role in
triggering cell death, and the results showed that NAC treatment
diminished DEPs-elicited ferroptosis. We next examined the effect of
DEPs on intracellular ROS levels. Results of DCFH-DA staining showed
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Fig. 1. Diesel exhaust particles (DEPs) induce lipid oxidation and ferroptosis in lung epithelial cells. (A) BEAS-2B and A549 cells were treated with different
concentrations of DEPs (0-200 pg/ml) for 24 (upper panel) and 48 h (lower panel), and cell viability was determined by a CCK8 assay. Results are presented as a
percentage relative to the control group. Data are expressed as the mean + SD. Significant differences were analyzed by an unpaired t-test, *p < 0.05, **p < 0.01,
**¥%p < 0.001. (B) Calcein AM/EthD-1 staining of cell death in BEAS-2B and A549 cells treated with DEPs (100 pg/ml) for 24 h. (C) Representative images of C11-
BODIPY 581/591 staining of oxidized lipids in BEAS-2B and A549 cells exposed to DEPs (100 pg/ml) for 24 h. (D) Lipid ROS measurements by C11-BODIPY 581/591
in cells treated with DEPs in the presence or absence of N-acetyl-L-cysteine (NAC: 1 mM), and quantification of lipid peroxidation was analyzed by flow cytometry.
(E) Suppression of ferroptosis attenuates DEPs-elicited cell death. Cell viability of BEAS-2B and A549 cells treated with DEPs in the presence or absence of defer-
oxamine (DFX: 1 and 2.5 pM) and ferrostatin-1 (Fer-1: 2.5 and 5 pM) for 48 h. Data are expressed as the mean =+ SD. Significant differences were analyzed by an
unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001. (F) Score plot of a multivariate principal component analysis (PCA) on lipidomics data from lung epithelial
A549 cells exposed to DEPs (50 pg/ml) for 48 h (n = 3). (G) Heatmap plots show changes in total and (H) phospholipids from a lipidomic analysis in response to

DEPs. Blue, down-expression; red, up-expression.

that DEP treatment significantly increased intracellular ROS levels.
Specifically, mitoSOX red staining revealed that DEPs induced mito-
chondrial superoxide production (Fig. 2A, B). Given that mitochondrial
superoxide is mainly produced from the ETC, we next examined the
effect of DEPs on the mitochondrial ETC complex. We found that
treatment with DEPs increased protein levels of mitochondrial ETC
complexes I, II, and III in both BEAS-2B and A549 cells (Fig. 2C),
whereas complexes IV and V were not affected by DEPs. These data
suggest that DEP-mediated upregulation of the ETC complex may be
responsible for mitochondrial superoxide production, which may exac-
erbate the ferroptotic process. Accordingly, the decreased cell viability,
elicited by DEPs, was recovered by pretreatment with NAC or mito-
TEMPO, a mitochondria-targeted antioxidant (Fig. 2D). These results
support the notion that mitochondrial oxidative stress is involved in
DEP-mediated ferroptosis.

3.3. DEPs downregulate TAZ and ferroptosis gene expressions

To further clarify the mechanism underlying DEP-induced ferropto-
sis in the airway epithelium, we examined the glutathione antioxidant
system, which is the mainstay of ferroptosis control. GPX4 functions to
interrupt lipid peroxidation using GSH and thus plays a pivotal role in
ferroptosis regulation. We found that treatment with DEPs significantly
reduced GPX4 protein levels in both BEAS-2B and A549 cells (Fig. 3A).
Because GPX4 converts GSH into oxidized glutathione (GSSG), which
can be further reduced by GSR, we examined the effect of DEPs on GSR.
Intriguingly, the protein level of GSR was suppressed in BEAS-2B but not
in A549 cells (Fig. 3A). Moreover, we also examined glutamate-cysteine
ligase (GCLC) which is the rate-limiting enzyme for GSH synthesis. Re-
sults were similar to those with GPX4 of DEPs suppressing GCLC in
BEAS-2B and A549 cells (Fig. 3A). Consistent results were obtained for
transcriptional levels of mRNA expressions of GPX4 and GCLC being
inhibited by DEPs in BEAS-2B and A549 cells (Fig. 3B). However, the
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Fig. 2. Diesel exhaust particles (DEPs) upregulate electron transport chain (ETC) complex expression and mitochondrial ROS. (A) Fluorescent images of intracellular
ROS (DCFH-DA, left panel) and mitochondrion-specific superoxide (mitoSOX red, right panel) in DEP-treated (100 pg/ml) cells after 24 h of incubation. (B)
Intracellular and mitochondrial ROS production was quantified by flow cytometry using DCFH-DA and mitoSOX dyes, respectively. Data were obtained from three
independent experiments and are expressed as the mean + SD. (C) Western blot analysis of ETC proteins from BEAS-2B and A549 cells exposed to DEPs (0-100 pg/
ml) for 24 h. Quantification of protein levels was analyzed by ImageJ software. Data were obtained from three independent experiments and are expressed as the
mean + SD. Significant differences were analyzed by an unpaired t-test, *p < 0.05, **p < 0.01, ns, no significance. (D) Cell viability of BEAS-2B and A549 cells
exposed to DEPs (100 pg/ml) in the presence of N-acetyl-L-cysteine (NAC; 1 and -3 mM) and MitoTempo (2.5 and 5 pM) for 48 h. Data are expressed as the mean
+ SD. Significant differences were analyzed by an unpaired t-test, *p < 0.05; **p < 0.01, ***p < 0.001.

decreased GSR by DEPs was observed in BEAS-2B but not in A549 cells
(Fig. 3A, B).

The Hippo pathway was recently reported to regulate ferroptosis and
participated in lipid metabolism; however, its role in DEP-triggered
ferroptosis in airway epithelial cells remains unknown. Because we
previously identified that the Hippo transducer, TAZ, was upregulated in
BEAS-2B and A549 cells (Chao et al., 2021, Lee et al., 2017), we tested
the TAZ protein level in response to DEPs. Results of immunofluorescent
assay showed that treatment with DEPs decreased the TAZ protein level
in nuclei, compared to the control group (Fig. 3C), and treatment with
DEP reduced TAZ protein stability in the presence of cycloheximide
(Fig. 3D). We also found that the addition of DEPs increased phos-
phorylation of AMPK in BEAS-2B and A549 cells (Fig. 3E). Given that
AMPK is activated by energy dysregulation, and activation of AMPK
negatively regulates YAP/TAZ, these data suggested that DEP-mediated
mitochondrial dysregulation may contribute to TAZ downregulation in
BEAS-2B and A549 cells.

To validate the involvement of the Hippo pathway in ferroptosis, we
treated cells with VP, an inhibitor of YAP/TAZ, and results showed that
the addition of VP robustly reduced GPX4 and GCLC protein levels in
BEAS-2B and A549 cells (Fig. 3F). However, downregulation of GSR by
VP was detected in BEAS-2B cells, but not in A549 cells (Fig. 3F). These
data were similar to those of DEP treatments, indicating that GSR is
regulated in different manners between BEAS-2B and A549 cells.

3.4. Increased lipid peroxidation in airway epithelial cells in rats exposed
to air pollution and patients with COPD

To confirm the involvement of ferroptosis in air pollution-elicited
pulmonary disorders, we analyzed lung tissues from SD rats with 6
months whole-body exposure to air pollution or high-efficiency partic-
ulate air (HEPA) and performed IHC analyses (Chen et al., 2021b).
Compared to the control group, we found that rat exposed to air
pollution had reduced GPX4 expression in bronchial epithelial tissues
(Fig. 4A). On the contrary, the expression of 4-HNE, a major
o,p-unsaturated aldehyde product of lipid peroxidation, increased in the
bronchial epithelia of PM2.5-treated rats (Fig. 4A). Moreover, patients
with COPD exhibited decreased GPX4, accompanied by increased 4-HNE
in lung tissues, compared to those in non-COPD patients (Fig. 4B).
Moreover, we analyzed GPX4 expression from other COPD cohort
(GSE57148) which included 97 COPD subjects and 90 subjects with
normal spirometry, and the results were consistent with our findings
that GPX4 expression was significantly downregulated in COPD patients
(Fig. 4C).

We further analyzed protein changes from bronchoalveolar lavage
fluid of COPD patients and healthy subjects using proteomic analyses,
and differentially expressed proteins were further analyzed by an In-
genuity pathway analysis (IPA). Consistently, results showed that ETC
complex-associated proteins were upregulated in COPD patients
(Fig. 5A, B). Collectively, these finding support the notion that aberrant
mitochondrial redox is associated with COPD.
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Fig. 3. Diesel exhaust particles (DEPs) downregulate transcriptional co-activator with PDZ-binding motif (TAZ) and ferroptosis gene expressions. (A) Cell lysates
from BEAS-2B and A549 cells exposed to DEPs (0-100 ug/ml) for 24 h and protein levels of GSR, GCLC, and GPX4 were measured by a Western blot analysis. (B)

Real-time PCR analysis of GSR, GCLC, and GPX4 mRNA expressions in DEP-treated cells. Significant differences were analyzed by an unpaired t-test, ***p < 0.001 (C)
Immunofluorescent images show the decrease in nuclear TAZ protein levels after treatment with DEPs (100 pg/ml) in BEAS-2B and A549 cells for 24 h. (D) BEAS-2B
and A549 cells were pretreated with cycloheximide (CHX: 50 pg/ml) and then with DEPs (100 pg/ml) for 0-8 h, and cell lysates were collected and TAZ protein
levels were analyzed by Western blotting. Relative protein changes were analyzed by ImageJ software. Data were obtained from three independent experiments and
expressed as the mean + SD. Significant differences were analyzed by an unpaired t-test, *p < 0.05, **p < 0.01, ns, not significant. (E) BEAS-2B and A549 cells were
treated with DEPs (100 pg/ml) for 0-8 h, cell lysates were collected, and phosphorylated and total AMPK protein levels were analyzed by Western blotting. (F) Cell
lysates from BEAS-2B and A549 cells exposed to verteporfin (VP: 0-~2.5 pM) for 24 h, and protein levels of GSR, GCLC, and GPX4 were measured by a Western

blot analysis.

4. Discussion

Our study demonstrated that DEPs increased oxidants by upregu-
lating ETC expression followed by elevating mitochondrial ROS. Addi-
tionally, DEPs upregulated glycerophospholipid and subsequent
triggered lipid peroxidation by mitochondrial ROS. On the other hand,
DEPs suppressed antioxidant system including GCLC and GPX4 through
attenuating TAZ signaling. Thus, these cellular effects converged to
aggravate lipid peroxidation and promote ferroptosis. Studies have re-
ported that PM2.5 induced autophagy-dependent ferroptosis which was
identified to be associated with neurotoxicity and cardiac fibrosis (Guo
et al., 2023; Wei et al, 2022), and PM2.5 promoted pulmonary
epithelial cell senescence and ferroptosis by regulating sirtuin3 (Li et al.,
2023). Accordingly, PM2.5 induced ferroptosis by activating AMPK
signaling in acute lung and nasal epithelial injury (Gu et al., 2023; Yue
et al.,, 2023). Recently, Wang et al. identified that YAP prevented
PM2.5-induced pulmonary toxicity by suppressing NLRP3
inflammasome-mediated pyroptosis, and SLC7A11-dependent ferrop-
tosis (Wang et al., 2023). SLC7A11 is a key transporter maintaining GSH
homeostasis. They found that silencing of YAP aggravated
PM2.5-mediated mitochondrial ROS production and cell damage in
mice lung epithelial MLE12 cells. Similarly, Chang et al. found a
decrease of Hippo-YAP in alveolar regions of COPD subjects (Chang
et al., 2022). Our data were in line with their findings that TAZ partic-
ipates in anti-ferroptosis of lung epithelial cells. First, we found that
DEPs increased the glycerophospholipid content and lipid ROS levels in

lung epithelial cells accompanied by downregulation of GPX4 and
GCLC. Moreover, a decrease in GPX4 and an increase in the lipid per-
oxidation marker, 4HNE, were observed in lung tissues from
PM2.5-treated rats and COPD patients. Mechanistically, we found that
PM2.5 decreased TAZ protein stability and impeded its nuclear trans-
location. Suppression of TAZ resulted in downregulation of GPX4 and
GCLC gene expressions. Although expression of GSR showed a differ-
entially regulatory pattern upon inhibition of TAZ between A549 and
BEAS-2B cells. GPX4 and GCLC participate in GSH biosynthesis, and we
previously demonstrated that YAP ameliorated lipid peroxidation by
regulating a subset of antioxidant genes (Dai et al., 2022). Similarly,
YAP ameliorated hair cell injury by upregulating FTL and TFRC to
suppress ferroptosis (Niu et al., 2023). Additionally, YAP induces
SLC7A11 expression, thus enabling liver cancer cells to overcome
sorafenib-induced ferroptosis (Gao et al., 2021). Altogether, these data
indicate that YAP/TAZ harnesses an antioxidant mechanism to protect
against various oxidative stresses, at least in part by attenuating fer-
roptosis. On the contrary, our data identified that DEP treatment
decreased the TAZ protein as a result of promoting lipid ROS levels and
enhancing lung epithelial cell damage.

Mitochondrial redox homeostasis plays a vital role in regulating
various cellular functions, and its imbalance was identified to be
involved in PM2.5-mediated cell injury, including COPD. The patho-
genesis of COPD is associated with airway inflammation, airway
epithelial damage, and airway immunity, and all of these are linked to
abnormal or excessive mitochondrial ROS production (Belchamber
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et al., 2019; Frankenberg Garcia et al., 2022; Liu et al., 2023). PM2.5
promotes pulmonary fibrosis by mitochondrial fragmentation and
dysfunction (Chang et al., 2023), and PM2.5 promotes vascular fibrosis
by targeting the mitochondrial antioxidant, MitoQ (Ning et al., 2021). A
PM2.5-mediated NOX4-Nrf2 redox imbalance triggered excessive
mitophagy and mitochondrial dysfunction in COPD mice with acute
exacerbation (Fan et al., 2023). Moreover, Yue et al. reported that DEPs
induced mitochondrial ROS to further induce activation of AMPK and
ferritinophagy, and thus exacerbate pulmonary fibrosis (Yue et al.,
2023). In the present study, we identified that DEPs increased mito-
chondrial ETC complexes I, II, and III, accompanied by increased
mitochondrial ROS levels in lung epithelial cells. Specific inhibition of
mitochondrial ROS rescued DEP-mediated cell death. Moreover, our
proteomic analysis supported the notion that ETC complex proteins in-
clined in COPD patients. These data indicate that upregulation of the
ETC complex may be responsible for mitochondrial superoxide pro-
duction, which may exacerbate the ferroptotic process in DEP-elicited
lung cell injury and COPD development.

A549 and BEAS-2B are alveolar and bronchial epithelial cell lines,
respectively. Although they are commonly used for in vitro assessment
of oxidative stress and cytotoxicity following exposure to air pollutants,
differential responses to inflammatory stimuli or hazard material in
these two cells were reported. Our data showed that DEPs treatment
induced mitochondrial oxidative stress and ferroptosis in both A549 and
BEAS-2B cells, but the underlying molecular mechanism showed some
discrepancies in response to DEPs. We found that DEPs treatment
downregulated GCLC and GPX4 expressions in A549 and BEAS-2B cells;
while GSR expression was suppressed in BEAS-2B, but not in A549 cells.
Accordingly, our present study applied the two immortalized cells to
investigate cellular response in conventional monoculture, it is limited
to recapitulate better physiological conditions for respiratory function
and structure in a simple environment. Thus, application of 3D culture
systems including air-liquid interface polarized airway epithelial model
or organotypic culture in primary airway epithelial cells would provide
greater physiological relevance and invaluable information on the un-
derstanding of specific conditions in COPD pathogenesis.

Conclusion

In summary, we identified an increase in the ETC complex followed
by elevation of mitochondrial ROS and downregulation of TAZ-
mediated antioxidant capacity that were elicited by DEPs, which exac-
erbated lipid peroxidation and thus promoted ferroptosis and caused
lung epithelial damage. This study shed light for the first time on
downregulation of TAZ/GPX4 in lung epithelial injury induced by DEPs,
and that also supports the notion of aberrant mitochondrial redox-
mediated ferroptosis in the pathogenesis of COPD.
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