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Background: Nuclear factor E2-related factor 2 (Nrf2) is involved in oxidative stress and lung
inflammation and regulates the etiology of chronic obstructive pulmonary disease (COPD).
Ferroptosis is characterized by the accumulation of lipid reactive oxygen species (ROS) via
ferrous ion-dependent Fenton reactions and is involved in COPD. However, the role of Nrf2 in
ferroptosis and its epigenetic regulation in the pathogenesis of COPD remain unclear.
Methods: Ferroptosis was detected by 4-HNE, MDA, C11BODIPY, DCFH-DA, Peals’
staining and CCK-8 assays. qPCR and Western blotting were performed to examine the
Nrf2 levels in peripheral lung tissues, primary epithelial cells collected from patients with
COPD and subjects with normal pulmonary function (never-smoker [control-NS]; smoker
[control-S]), and cigarette smoke extract (CSE)-treated human bronchial epithelial (HBE)
cells. ELISA was used to quantify IL-8 and IL-1p levels. Methylation of the Nrf2 promoter
was analyzed by bisulfite sequencing and pyrosequencing.

Results: Ferroptosis was involved in COPD and glutathione peroxidase 4 (GPX4) expression
was downregulated in the COPD group. Reactive oxygen species (ROS), lipid peroxides and
MDA were increased, but GPX4 and SOD were exhausted in CSE-treated HBE cells. The
production of IL-1p and IL-8 was promoted in HBE cells in response to CSE but could be
reversed by the ferroptosis inhibitor fer-1. The Nrf2 level was significantly decreased in the
COPD group compared with the control-S and control-NS groups. Increased Nrf2 expression
enhanced GPX4 and SOD levels and inhibited ferroptosis and proinflammatory cytokines in the
supernatant. Inhibition of GPX4 reversed the effect of Nrf2 overexpression and promoted
ferroptosis. Two specific CpG sites within the Nrf2 promoter were hypermethylated in the
COPD group. Similarly, CSE-treated HBE cells exhibited hypermethylation of the Nrf2 gene.
Conclusion: Nrf2 expression was downregulated in the lungs of COPD patients due to
hypermethylation of the Nrf2 promoter, inhibiting Nrf2/GPX4 and ferroptosis, which is
related to the initiation and progression of COPD. Targeting Nrf2/GPX4 may inhibit ferrop-
tosis, which could provide strategies to delay or treat COPD.
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Background

Chronic obstructive pulmonary disease (COPD) is a prevalent disease that seriously
endangers people’s health. COPD has been projected to become the third leading
cause of death in the world by 2030." It is characterized by high morbidity and
mortality, leading to substantial socioeconomic burdens.” Permanent destruction of
terminal bronchioles is a pathological characteristic of COPD and is associated with
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amplified oxidative stress and inflammatory responses.’ >
High exposure to harmful particles or gases such as cigar-
ette smoke (CS) has been determined to be the primary
causal mechanism for this amplified inflammation and
oxidative stress.® Long-term exposure to CS leads to
the accumulation of reactive oxygen species (ROS) in
airway epithelial cells, followed by plasma membrane
damage and the release of damage-associated molecular
patterns (DAMPs), which in turn trigger inflammation and
active cell death pathways.”'® Although many types of
cells and mediators are involved in the pathophysiological
process of COPD,'! data from the literature have indicated
the key role of Nrf2, which is strongly upregulated by
oxidants.”?

Nrf2 is a critical factor in maintaining the oxidation/
antioxidant balance.'>!* Under stress conditions, Nrf2 dis-
associates from Kelch-like ECH-associated protein 1
(Keapl) and then translocates into the nucleus, binding
to the antioxidant response element (ARE) to initiate the
transcription of downstream genes,'*'> such as glutathione
peroxidase (GPX), (HO-1),
NAD(P)H quinone oxidoreductase, which are known to

heme oxygenase-1 and
protect against oxidative damage.'*'®'” Moreover, Nrf2
expression was highly elevated in mild COPD patients but
significantly decreased in patients with GOLD stage III
and IV COPD.'"®2° Nrf2-deficient mice appeared to
develop emphysema earlier after exposure to CS.*!
Therefore, dysregulation of oxidative stress and inflamma-
tion could contribute to the pathogenesis of COPD. The
potential role of Nrf2 in oxidative stress and inflammation
in COPD therapy is expected to be further elucidated.
Ferroptosis is a form of iron-dependent oxidative cell
death characterized by the overwhelming accumulation
of lipid ROS during Fenton reactions and the release of
DAMPs.**?* An imbalance between mitochondria and
the NADPH oxidase-mediated oxidative stress system
or the GSH-, CoQ10- and BHj;-mediated antioxidant
system promotes ferroptosis.'® Disrupted iron homeosta-
sis also results in excessive oxidative stress and
ferroptosis.”* Nrf2 plays a major role in regulating the
expression of antioxidants or iron metabolism genes,
which regulate iron/metal metabolism, intermediate
metabolism, and GSH synthesis/metabolism and contri-
bute to ferroptosis.”> 2’ As a result, activating Nrf2
alleviates lipid peroxidation and ferroptosis in intestinal
ischemia, tumors, acute lung injury and other
diseases.'”** Glutathione peroxidase 4 (GPX4) defi-

ciency and NCOA4-mediated selective autophagic

turnover of ferritin (ferritinophagy) initiate the progres-
sion of ferroptosis in COPD.** Disruption of ferroptosis
via antioxidant pathways may be a potential method for
COPD treatment; however, the mechanism by which
Nrf2 participates in ferroptosis in COPD has not been
elucidated.

The purpose of this study was to confirm the pivotal
role of Nrf2 in the regulation of ferroptosis in COPD and
to identify the epigenetic mechanisms involved in its reg-
ulation. Here, we investigated the expression and epige-
netic regulation of Nrf2 and the mechanism by which the
Nrf2 signaling pathway in ferroptosis is related to COPD.
These findings elucidated the pathways of ferroptosis in
bronchial epithelial cells in COPD and revealed Nrf2 as
a potential target for COPD treatment.

Methods

Subjects
All volunteers were recruited from Wuxi People’s Hospital
Affiliated to Nanjing Medical University and included
nonsmokers without COPD (Control-NS), smokers with-
out COPD (Control-S) and COPD subjects. COPD patients
were diagnosed based on the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) clinical criteria for the
diagnosis and classification of COPD. Lung tissues were
collected from COPD patients scheduled for lung trans-
plantation or pulmonary lobectomy for small nodules in
Wuxi People’s Hospital. Lung tissues were transferred into
liquid nitrogen and stored at —80 °C. Primary bronchial
epithelial cells were collected from patients with or with-
out COPD scheduled for bronchoscopies for small nodules
or a small amount of bloody sputum in Wuxi People’s
Hospital.

The lung function and basic information of the subjects
participating in the study are shown in Tables 1 and 2.

All experimental work with humans was approved by
the Ethics Committee of the Wuxi People’s Hospital
Affiliated to Nanjing Medical University. This study was
conducted in accordance with the Declaration of Helsinki.
All subjects provided written informed consent.

Reagents and Cell Culture
Study subjects were patients with or without COPD sched-
uled for bronchoscopies for small nodules or a small
amount of bloody sputum at Wuxi People’s Hospital.
saline to

After using 20 mL of normal lavage

the second- and third-generation bronchi, 5 consecutive
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Table | Clinical Characteristics of the Enrolled Subjects from Whom Bronchial Epithelial Cells Were Collected

Nonsmokers Without COPD Smokers Without COPD Patients with Between-Group
(Control-NS) (n=8) (Control-S) (n=9) COPD (n=16) Differences (p value)
Age, y 56.50+8.144 61.56+3.930 66.11x2.019 0.432
Sex ratio (F/M) 0/8 0/9 0/16 1.000
Pack-years 0+0 39.38+8.042 47.03+8.860 0.0014
FEVI/FVC 88.63+6.57 83.73+4.28 57.45+9.31 0.000
FEV1% pred 105.5£10.07 88.70+5.33 55.14+13.40 0.000

Note: Values are presented as the means + SD.
Abbreviations: COPD, chronic obstructive pulmonary disease; pack-year, number of cigarettes smoked per day/20 (pack) * duration of smoking (year); FEVI, forced

expiratory volume in one second; FVC, forced vital capacity; FEV 1% pred, forced expiratory volume in one second per cent predicted.

Table 2 Clinical Characteristics of Enrolled Subjects from Whom Lung Tissues Were Collected

Nonsmokers Without COPD Smokers Without COPD Patients with Between-Group
(Control-NS) (n=11) (Control-S) (n=7) COPD (n=8) Differences (p value)
Age, y 58.36+4.048 63.14x1.550 59.38x+1.362 0.5045
Sex ratio (F/M) 7/4 1/6 117 0.5045
Pack-year 0+0 25+6.583 8.750+5.154 0.0004
FEVI/FVC (%) 88.2+6.63 82.06+3.89 37.48+8.37 0.000
FEV1% pred 102.79+14.29 91.91x6.10 33.89+12.38 0.000

Note: Values are presented as the means * SD.

Abbreviations: COPD, chronic obstructive pulmonary disease; pack-year, number of cigarettes smoked per day/20 (pack) x duration of smoking (year); FEVI, forced
expiratory volume in one second; FVC, forced vital capacity; FEV 1% pred, forced expiratory volume in one second per cent predicted.

brushings (Anrei, China) were sampled from the bronchial
mucosa. After each brush, cells were harvested into a tube
containing 5 mL of RPMI 1640 (Gibco, USA) with 1%
penicillin-streptomycin (P/S). Approximately 25 mL of
liquid was filtered through a cell strainer (Falcon, USA).
After 5 min of centrifugation at 3000 rpm, the cell pellets
were washed twice with 2 mL of RPMI 1640, and the final
cell pellets were resuspended in BEGM (Lonza, USA).
Primary human bronchial epithelial cells were harvested
after 7 to 25 days of culture.

HBE cells (ATCC, USA) were maintained in DMEM
(Gibco, USA) containing 10% FBS and 1X P/S under 5%
CO, at 37 °C. When HBE cells reached a confluence of
approximately 5x10° per well, the medium was replaced
with serum-free high-glucose DMEM for 24 h. Nrf2-
overexpressing HBE cells were obtained by transfection
with an NFE2L2 overexpression (OE) lentiviral vector.
HBE cells were treated with 10 uM fer-1 (Sigma-Aldrich,
USA) and 1 pM RSL3 (Sigma-Aldrich) for 1 h before they
were exposed to 5% CS extract (CSE) for 72 h.

Establishment of a Murine COPD Model
Male C57BL6 mice at 68 weeks of age were purchased

from Changzhou Cavans Animal Experiment Co., Ltd.,

and housed in animal facilities at Wuxi People’s
Hospital. Mice were exposed to CS from cigarettes
(Dagianmen, China) in a whole-body exposure system
for 4 h a day for 24 weeks.”® Age-matched mice kept in
a similar environment without exposure to CS served as
controls. Mouse lung function was measured using whole-
body plethysmography (Buxco Electronics, Ltd., USA).
Enhanced pause (Penh) was chosen as the parameter to
indicate restricted airflow and was calculated as previously
described: Penh = (Te/Tr — 1) x (PEF/PIF) (Te: the expira-
tion time, Tr: relaxation time, PIF: peak inspiratory flow,
PEF: peak expiratory flow).”® The procedures for the care
and use of animals were approved by the Ethics
Committee of Nanjing Medical University (KY21023).
The animals used in this study were maintained in accor-
dance with the ethical guidelines of the Guiding Principles
in the Care and Use of Animals (China) and the Policy of
Animal Care and Use Committee of Nanjing Medical
University. Humane care was provided according to the
3R principles of animal experiments.

Preparation of CSE
A cigarette contains 10 mg tar and 0.8 mg nicotine
(Dagianmen, China). The smoke of two cigarettes was
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bubbled into 10 mL of high-glucose DMEM (Gibco,
USA). The CSE was sterilized by filtering the solution
through a 0.22-um filter (Millipore, Germany) and
adjusted to pH 7.4. The solution was standardized by
monitoring the absorbance at 320 and 540 nm. The CSE
was regarded as 100% and was subsequently diluted with
high-glucose DMEM.

Transmission Electron Microscopy (TEM)
HBE cells were treated with trypsin-EDTA (Gibco, USA)
and centrifuged at 3000 rpm for 10 min. After the super-
natant was removed, cell pellets were fixed in 5% glutar-
aldehyde at 4 °C overnight. Fixed HBE cells were then
embedded in epoxy resin and sliced into ultrathin sections,
which were stained with uranyl acetate and lead citrate.
Images viewed under a transmission electron microscope
were obtained.

Immunohistochemistry (IHC)

Lung tissues were fixed in 4% paraformaldehyde solution
(Beyotime, China) for 24 h and then dehydrated and
embedded in paraffin following routine methods. The
slides were rinsed with Bond Dewax Solution at 72 °C
to deparaffinize the tissue slices. Then, the sections were
treated with Enhanced Endogenous Peroxidase Blocking
Buffer (Beyotime) for 5 min to block endogenous perox-
idase activity before they were incubated with Nrf2 anti-
body (1:500 dilution, Abcam, USA), 4-HNE antibody
(1:200 dilution, Abcam) or GPX4 antibody (1:500 dilu-
tion, Abcam) overnight, after which DAB was quickly
added. The color rendering time was controlled for 5
min. Images viewed under an Olympus microscope were
captured. The Nrf2 immunostaining results were scored by
multiplying the percentage of positive cells (0, <10%; 1+,
10-25%; 2+, 25-50%; 3+, 50-75% or 4+, >75%) by the
staining intensity (0, negative; 1+, weak; 2+, moderate; or
3+, strong), and the 4-HNE and GXP4 immunostaining
results were scored as the integrated optical density (I0D)/
area as detected by Image-Pro Plus.

Hematoxylin-Eosin (H&E) Staining and
Morphological Analysis

Mouse lung tissue was fixed in 4% paraformaldehyde
solution, sliced, and stained with hematoxylin for 5 min.
The slides were washed with PBS, differentiated with
hydrochloric acid-ethanol for 3 sec, stained with eosin
for 2 min, and mounted with neutral resin. Finally,

pathological changes in the mouse lung tissue were
observed under an Olympus microscope. The size of the
alveolar space was examined by measuring the mean lin-
ear intercept (MLI) and mean alveolar number (MAN) as
previously described.”® The MLI was measured by divid-
ing the length of a line drawn across the lung section by
the total number of intercepts counted within this line at
100x magnification.” The MAN was measured by divid-
ing the area into the count of alveolar numbers at 100x
magnification.

Immunofluorescence (IF)

Cells were fixed with 4% paraformaldehyde for 30 min
and washed with PBS 3 times after they were permeabi-
lized with 0.3% Triton X-100 (Beyotime) for 10 min. The
cells were then blocked with PBS containing 5% goat
serum for 1 h and incubated with the primary antibody
(1:200; Abcam) overnight at 4 °C. The cells were then
incubated with the fluorescent-conjugated secondary anti-
body at room temperature for 1 h, and DAPI was added for
5 min. Images viewed under a fluorescence microscope
were obtained.

RNA lIsolation and Reverse Transcription
PCR

RNA was isolated from tissues and cells by using RNAiso
Plus (TaKaRa, Japan). cDNA synthesis was performed using
a reverse transcription kit (TaKaRa, Japan), and the synthe-
sized DNA was stored at —20 °C. qPCR analysis was per-
formed with TB Green™ Premix Ex Taq™ II (TaKaRa,
Japan). Steps were performed according to the manufac-
turer’s protocol. All data were normalized to the expression
of GAPDH mRNA. The primer sequences were as follows:
GAPDH (forward 5- CCTTCCGTGTCCCCACT -3/,
reverse 5'- GCCTGCTTCACCACCTTC —3'), Nrf2 (forward
5'- GGTTGCCCACATTCCCAAA -3, reverse 5'-
AGTGACTGAAACGTAGCCGA -3'), and GPX4 (forward
5'- ATGGTTAACCTGGACAAGTACC -3', reverse 5' -
GACGAGCTGAGTGTAGTTTACT —3').

Protein Lysis and Western Blotting

Total protein was extracted from cells using RIPA buffer
(KeyGEN, China), followed by centrifugation at 14,000 xg
for 10 min. Equal amounts of protein (20 pg) were separated
via SDS-PAGE through 10% gels and transferred onto PVDF
membranes (Immobilon-P membrane, Millipore). After 1 h of
blocking in 5% milk, the membranes were incubated with
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antibodies targeting Nrf2 (Abcam), GPX4 (Abcam) or B-actin
(Proteintech, China) at 4 °C overnight. After incubation with
horseradish peroxidase (HRP)-conjugated secondary antibody
(Jackson ImmunoResearch, USA) for 1 h, protein bands were
machine

developed in an  automatic

(ProteinSimple, USA).

exposure

The ROS Measurement

HBE cells were incubated with 10 uM DCFH-DA (Sigma-
Aldrich, USA) at 37 °C for 30 min. The supernatant was
removed, and the cells were washed with DMEM without
FBS twice. Images viewed under a fluorescence micro-
scope were obtained.

Measurement of Lipid Peroxidation

HBE cells were sonicated with cell lysis buffer (Beyotime)
and then centrifuged at 12,000 xg for 10 min at 4 °C. The
supernatant was collected for the MDA assay (Beyotime)
following the manufacturer’s protocol. MDA levels were
detected at a wavelength of 532 nm.

For the C11BODIPY probe (Invitrogen, USA), HBE
cells were incubated with 1 uM C11BODIPY at 37 °C for
30 min in DMEM and then washed with PBS 3 times. The
red and green fluorescence signals in the cells were viewed
under a fluorescence microscope.

Superoxide Dismutase Assay

The relative superoxide dismutase (SOD) concentration in
cell lysates was assessed using a superoxide dismutase
(SOD) assay kit (Nanjing Jiancheng Bioengineering
Institute, China) according to the manufacturer’s instructions.

CCK-8 Assay

A CCK-8 assay was performed to detect cell viability
according to the manufacturer’s protocol (Beyotime).
Approximately 5 x 10° cells were seeded in 96-well plates.
The cells were treated with 10 uL of CCK-8 solution for
24, 48, and 72 h and incubated in the dark for another 2 h.
The absorbance was measured at a wavelength of 450 nm.

Perls’ DAB Staining
Perls’ DAB
described to detect the presence of ferric iron in tissue.”*

staining was performed as previously
Paraffin-embedded lung sections were incubated in freely
prepared Perls’ solution (Sigma-Aldrich, USA) for 1 h and
then incubated with DAB for 1 min. Images viewed under
an Olympus microscope were obtained.

Bisulfite Sequencing Analysis

Total DNA was extracted using a QIAamp DNA Mini Kit
(51304, Qiagen) following the manufacturer’s instructions.
Bisulfite conversion was performed using 500 ng of geno-
mic DNA with an EpiTect® Bisulfite kit (59104, Qiagen),
and the DNA was purified.*® Each sample contained plas-
mid DNA from at least 10 colonies and was prepared
using a BiQ-Analyzer before sequencing.

Pyrosequencing Analysis

Two CpG sites were selected based on the results of the
bisulfite sequencing analysis. Bisulfite-converted DNA
was amplified by PCR with the reactions and conditions
described in the PyroMark PCR kit. Pyrosequencing was
performed using the PyroMark Gold Q96 pyrosequencer
(Qiagen) according to the manufacturer’s instructions, and
the percentage methylation per CpG was then calculated.

ELISA

After HBE cells were treated with CSE, the supernatants
were collected, and IL-8 (R&D Systems, USA) and IL-1B
(Absin, China) levels were detected by ELISA. The absor-
bance was measured at a wavelength of 450 nm.

Statistical Analysis

All experiments were performed in at least three indepen-
dent assays and are presented as the mean + standard error
of the mean (S.E.M.). Comparisons between two different
groups were performed using the two-tailed Student’s
t-test. One-way ANOVA was used for comparisons
between more than two groups, and Tukey post hoc tests
were performed to test for statistical significance. P-values
of less than 0.05 were considered statistically significant.

Results
Ferroptosis is Involved in Human and
Murine COPD Lung Tissues

The lung function and basic information of the subjects
participating in the study are shown in Tables 1 and 2. To
elucidate the involvement of ferroptosis in COPD, we
evaluated 4-HNE and nonheme iron levels by IHC and
Perls’ staining. ITHC of COPD lung tissue showed
increased expression of 4-HNE (Figure 1A and B). Perls’
DAB staining indicated increased Fe’* in the bronchial
epithelial cells of the lung tissue of COPD patients and
smokers (Figure 1C). These results suggest enhanced
deposition of nonheme iron and aldehyde products of
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phospholipid peroxidation in bronchial epithelial cells,
that COPD
pathogenesis.

We established a COPD mouse model as described in
the Materials and Methods section. In CS-exposed mice,

indicating ferroptosis  participates  in

the alveolar space was enlarged according to H&E staining
(Figure 1D). The MLI (Figure 1E) and MAN (Figure 1F)

airflow limitation. Compared with air-exposed mice, CS-
exposed mice had an increased Penh (Figure 1G). The
results above demonstrated that the murine model of
COPD was successfully established, with enlarged alveo-
lar space and limited airflow. In addition, we performed
THC and observed increased 4-HNE levels in CS-exposed
mice (Figure 1H and I). Fe** was deposited in airway

indicated enhanced airspace compared with that in the epithelial cells in lung tissue from CS-exposed mice

control mice. Penh is an important parameter that reflects  (Figure 1J), whereas the lung tissue of control mice
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Figure | Ferroptosis is involved in human and murine COPD lung tissues. (A) Immunohistochemical (IHC) staining of 4-HNE in lung tissues from healthy volunteers
(Control-NS), healthy smokers without COPD (Control-S) and COPD patients (original magnification x400). Bar: 50 um. The results were scored by (B) the integrated
optical density (IOD)/area. (C) Fe>* deposits were stained with Perls’ DAB in lung tissues from Control-NS, Control-S and COPD patients (original magnification x400). Bar:
20 pum. (D-1) C57BL6é mice were exposed to room air (Control) or cigarette smoke (CS) for 6 months. (D) H&E staining in lung sections of mice in the control and CS
groups (original magnification x100). Bar: 200 um. At least 3 areas in tissues collected from each mouse were captured, and 3 mice in each group were analyzed. (E and F)
The alveolar size was measured by the mean linear intercept (MLI) and mean alveolar number (MAN) at x 100 magnification. (G) Enhanced pause (Penh) of room air- and CS-
exposed mice. (H) IHC staining of 4-HNE from lung sections of room air- and CS-exposed mice (original magnification x400). Bar: 50 um. The results were scored by (1) the
IOD/area. (J) Fe** deposits were stained with Perls’ DAB in air-exposed mice and CS-exposed mouse lungs (original magnification x400). The results are presented as the
means * S.E.M. for three independent experiments. *P<0.05; **P < 0.01; **P < 0.001; ****P < 0.0001.
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showed little Fe*" deposition, indicating increased ferrop-
tosis in CS-exposed mice.

CSE Induced Ferroptosis and the Release

of IL-1B and IL-8 in HBE Cells

Using TEM, we observed that HBE cells treated with CSE
exhibited the characteristic morphological features asso-
ciated with ferroptosis, such as mitochondria with vestigial
cristae (Figure 2A).2%3! We also determined the character-
istic morphological features associated with ferroptosis in
CSE-exposed A549 cells (Supplementary Figure 1A).
ROS can react with the polyunsaturated fatty acids of

lipid membranes and induce lipid peroxidation. SOD
plays an important role in antioxidant activity and prevent
ROS-initiated reactions.*” To elucidate the involvement of
ferroptosis in CSE-treated HBE cells, we evaluated CS-

induced ROS accumulation detected by DCFH-DA
(Figure 2B) and lipid peroxidation detected by
C11BODIPY (Figure 2C) and MDA (Figure 2D). ROS
were increased and SOD (Figure 2E) were decreased in
response to CSE. CSE-treated HBE cells exhibited
enhanced lipid peroxidation compared with the control
cells and lower cell viability based on the CCK-8 results
(Figure 2F). The increased ROS and lipid peroxidation and
decreased SOD and cell viability could be reversed by
treatment with fer-1, a ferroptosis inhibitor that scavenges
the initiating alkoxyl radicals produced, together with
other rearrangement products, by ferrous iron from lipid
hydroperoxides (Figure 2B-F). > We also observed
increased lipid peroxidation in A549 cells in response to
CSE (Supplementary Figure 1B). Ferroptosis has been

shown to play an important role in inflammation and
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Figure 2 CSE induced ferroptosis and the release of IL-1f and IL-8 in HBE cells. (A) Representative TEM images of mitochondria in HBE cells treated with 0% or 5% CSE for
72 h. Bar: 500 nm. (B-F) HBE cells were treated with 0% or 5% CSE for 72 h. Fer-1 (10 pmol/L) was added to DMEM | h before CSE exposure. (B) Images of intracellular
ROS stained by DCFH-DA were captured with a fluorescence microscope. Original magnification % 100. Bar: 200um. (C) Representative images of C| IBODIPY in the green
and red channels in each group were captured with a fluorescence microscope. Upon oxidation in live cells, fluorescence shifts from red to green. An overlay of the green
and red channels is shown. Original magnification x400. (D) The MDA and (E) SOD levels in each group are shown. (F) Cell viability was detected by the CCK-8 assay and
all values were normalized to those of the 0% CSE group. (G) ELISA of IL-1B and (H) IL-8 in the supernatant of HBE cells is shown. The results are shown as the mean * S.E.
M. for three independent experiments. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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induces the release of DAMPs and other proinflammatory
cytokines, such as TNF, PGE2, IL-18, IL-6 and IL-8.3* To
determine the proinflammatory role of ferroptosis in
COPD, we performed ELISA to detect the levels of IL-8
and IL-1p in the supernatant of HBE cells. CSE exposure
increased the levels of IL-8 and IL-1B. Similarly, fer-1
decreased the production of IL-1B (Figure 2G) and IL-8
(Figure 2H). The results above demonstrated the presence
of ferroptosis in CSE-exposed HBE cells and the proin-
flammatory role of ferroptosis.

GPX4 is Downregulated in the Lungs of
COPD Patients, Murine Models and
CSE-Treated HBE Cells

GPX4 is an essential regulator of ferroptosis that functions
by suppressing lipid peroxidation generation.>> To demon-
strate the mechanism of ferroptosis in COPD, GPX4 levels
were assessed by IHC and Western blot analysis. [HC of
COPD lung tissue showed downregulation of GPX4
expression in bronchial epithelial cells (Figure 3A and
B). Western blot analysis demonstrated a reduction in
GPX4 expression in COPD lung tissue (Figure 3C and
D). However, there were no significant differences in
GPX4 levels in nonsmokers and smokers without COPD.
We isolated primary human bronchial epithelial cells via
bronchoscopy brush examination and examined the
expression of GPX4 in different subjects. In contrast to
cells from volunteers and healthy smokers, COPD primary
bronchial epithelial cells showed reduced GPX4 expres-
sion (Figure 3E and F). Consistent with the downregulated
levels of GPX4 in COPD lung tissue and primary human
bronchial epithelial cells, GPX4 expression was decreased
in bronchial epithelial cells of CS-exposed mice, as
detected by IHC (Figure 3G and H) and Western blots
(Figure 31 and J). Downregulation of GPX4 was also
observed in alveolar type II epithelial cells in the CS-
exposed mice, as detected by IHC (Supplementary
Figure 2A and B). GPX4 expression was significantly

reduced in response to CSE exposure for 72 h in HBE
cells (Figure 3K and L). GPX4 was decreased in A549
cells upon CSE exposure as well (Supplementary
Figure 1C and D). The results above indicate the down-
regulation of GPX4 expression in COPD tissues in vivo
and CSE-exposed HBE cells in vitro. In addition, epithe-
lial cells are critical with respect to the effects of reduced
GPX4 expression on COPD.

Nrf2 is Reduced in the Lungs of COPD
Patients, Murine Models and CSE-Treated
HBE Cells

Using IHC staining methods, we found that positive stain-
ing of Nrf2 was primarily located in epithelial cells in the
lung tissues of COPD patients (Figure 4A and B). COPD
patients showed decreased protein (Figure 4C and D) and
mRNA levels of Nrf2 (Figure 4E). As shown in Figure 4G
and H, Nrf2 was minimally observed in COPD primary
epithelial cells but was strongly expressed in normal cells.
The mRNA levels of Nrf2 in COPD primary epithelial
cells were also decreased (Figure 4I). Nrf2 was primarily
expressed within epithelial cells and was mainly located in
the cytoplasm (Figure 4F). We also observed that Nrf2 was
decreased in 6-month CS-exposed mice (Figure 4J and K)
and CSE-exposed HBE cells in vitro (Figure 4L and M).
The reductions in Nrf2 protein expression in peripheral
lung tissues and primary epithelial cells of COPD patients,
murine models and CSE-treated HBE cells suggest that
epithelial cells are important with respect to the effects of
reduced Nrf2 expression in COPD.

The Nrf2-GPX4 Axis Mitigates CSE-
Induced Ferroptosis and the Release of
IL-1B and IL-8 in HBE Cells

It has been reported that Nrf2 can induce the transcription
of GPX4.”” To determine whether Nrf2 could alleviate
ferroptosis in CSE-treated HBE cells, a lentivirus vector
was used to promote Nrf2 overexpression. The protein
(Figure 5A and C) and mRNA (Figure 5E) levels of
GPX4 were elevated in response to stress conditions
when Nrf2 was overexpressed (Figure 5A, B and D).
Overexpression of Nrf2 decreased ROS production
(Figure 5F) and restored SOD (Figure 5I). The high lipid
peroxidation (Figure 5G and H) and low cell viability
(Figure 5J) caused by CSE were alleviated in cells ectopi-
cally expressing Nrf2. RSL3, a drug that binds to and
inactivates GXP4, was shown to reverse the effect of
Nrf2 overexpression and promote ferroptosis (Figure SF—
J). Activation of Nrf2-GPX4 reduced the secretion of IL-
1B (Figure 5K) and IL-8 (Figure 5L). However, IL-1f and
IL-8 levels were enhanced upon RSL3 treatment. The
results above suggest that the Nrf2/GPX4 axis mitigates
ferroptosis and further inhibits inflammation in CSE-
treated HBE cells.
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Figure 3 GPX4 expression is downregulated in the lungs of COPD patients, murine models and CSE-treated HBE cells. (A) GPX4 immunostaining of lungs from Control-
NS, Control-S and COPD patients is shown (original magnification x400). Bar: 50 pm. The results were scored by (B) IOD/area. (CandD) Western blots of human lung
homogenates from Control-NS, Control-S and COPD patients were probed using an anti-GPX4 antibody and normalized to B-actin levels (loading control). (E and F)
Western blots of primary bronchial epithelial cells from Control-NS, Control-S and COPD patients were probed using an anti-GPX4 antibody and normalized to B-actin
(loading control). (G=J) C57BL6é mice were exposed to room air (Control) or cigarette smoke (CS) for 6 months. (G and H) IHC staining of GPX4 in lungs from room air
(Control)- and CS-exposed mice. Original magnification x400. Bar: 50 um. The results were scored by (H) IOD/area. (I and J) The expression levels of GPX4 in lung
homogenates of room air (Control)- and CS-exposed mice were measured by Western blot analysis and normalized to those of B-actin. (K and L) The protein level of GPX4
in HBE cells treated with 0% or 5% CSE for 72 h was measured by Western blot and normalized to B-actin levels (loading control). The results are presented as the means *
S.EM. from three independent experiments. ¥*P<0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.

Specific CpG Sites in the Nrf2 Promoter
are Hypermethylated in Human COPD

Lung and CSE-Treated HBE Cells

We identified the human Nrf2 genome sequence (NC_000002)
by sequence analysis and found CpG islands in the human Nrf2
promoter region. To identify whether aberrant DNA methyla-
tion could be associated with Nrf2 expression in COPD
patients, we analyzed the methylation levels of CpG sites in
the Nrf2 promoter (—632 to —1) in peripheral lung tissues by

bisulfite sequencing. We found that the first site (—632 bp, 6.7%
+3.3% in Control-NS, 10%=+0% in Control-S and 30%+10% in
COPD) and second site (—580 bp, 0%+0% in Control-NS, 0%
+0% in Control-S and 13.6%+3.3% in COPD) were hyper-
methylated in peripheral lung tissues of COPD patients com-
pared with control subjects (Figure 6A and B). Bisulfite
sequencing was performed to filter out significant CpG sites
within the Nrf2 promoter. To assess the exact degree of methy-

lation at these sites, we conducted pyrosequencing analysis
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with lung tissues, primary epithelial cells and HBE cells treated ~ only the first site was methylated in primary epithelial cells
with 5% CSE. We found that the first two sites were methylated  (Figure 6E and F) and CSE-treated HBE cells (Figure 6G
in lung tissues from COPD patients (Figure 6C and D), while  and H).
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Figure 5 The Nrf2-GPX4 axis mitigates CSE-induced ferroptosis and the release of IL-1 and IL-8 in HBE cells. (A-L) HBE cells were transfected with Nrf2 overexpression
vector (Nrf2 OE) or control vector. The OE and control groups were treated with 0% CSE or 5% CSE. Nrf2-overexpressing HBE cells were treated with | umol/L RSL3 |
h before CSE exposure. (A and B) Nrf2 protein levels were detected by Western blot analysis and normalized to B-actin levels. (A and C) The protein expression of GPX4
was detected by Western blots and normalized to that of B-actin. (D) The mRNA level of Nrf2 was measured by RT-qPCR and normalized to that of GAPDH. (E) The
mRNA level of GPX4 was measured by RT-qPCR and normalized to that of GAPDH. (F) Images of intracellular ROS stained by DCFH-DA were captured with
a fluorescence microscope. Original magnification x100. Bar: 200um. (G) Representative images of C|IBODIPY were captured with a fluorescence microscope in the
green and red channels. An overlay of the green and red channels is shown. Original magnification x400. (H) MDA and (I) SOD levels in each group. (J) Cell viability of each
group was analyzed by the CCK-8 assay, and all values were normalized to those of the control group. (K) ELISAs of IL-18 and (L) IL-8 levels are shown in the supernatant of

each group. The results are presented as the means + S.E.M. for three independent experiments. *P<0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: P>0.05.

Discussion

COPD is a complex polyclinic lung disease characterized
by emphysema and progressive airflow obstruction. CS is
the major risk factor for the pathogenesis of COPD and
stimulates cellular ROS production in the lung. Lipid
peroxidation and ferroptosis induced by CS participate in
the process of COPD.>* Our study indicated that CS
initiated ferroptosis in bronchial epithelial cells, which
could be inhibited by activation of the Nrf2/GPX4 axis.
Inhibition of ferroptosis or upregulation of Nrf2/GPX4

signaling reduced IL-8 and IL-1p production, indicating
a proinflammatory role in ferroptosis. Thus, CS-induced
hypermethylation may result in abnormal expression of
Nrf2, and targeting methylation and ferroptosis has the
potential to prevent the progression of COPD.

Ferroptosis is a novel regulated cell death process that is
more immunogenic due to the release of DAMPs and alarmins
than apoptosis, switching the extracellular environment to
a proinflammatory state.>**® Ferroptosis has been found to
be involved in cancer, degenerative brain diseases, and
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ischemia-reperfusion injuries.>>>’ In our study, we determined
that ferroptosis participates in the pathogenesis of COPD,
resulting in the deposition of nonheme iron and 4-HNE, an
aldehyde product of phospholipid peroxidation in bronchial
epithelial cells in vivo, consistent with the results of a previous
study.** CSE induced the generation of lipid peroxidation and
decreased cell viability in vitro, along with a decrease in GPX4.
Moreover, CSE induced the release of IL-8 and IL-1B. The
changes above could be reversed by the ferroptosis inhibitor
fer-1. Ferroptosis in COPD causes the death of bronchial
epithelial cells and the release of DAMPs, cytokines and
ROS, leading to abnormal damage, repair and amplification
of the inflammatory process and finally resulting in emphy-
sema and airway narrowing in COPD.** The mechanism of
ferroptosis in COPD pathogenesis is expected to be further
studied. Preventing ferroptosis may be a novel target for COPD
treatment.

GPX4 catalyzes the reduction of membrane lipid hydro-
peroxides to lipid alcohols, and this process prevents the iron-
dependent formation of toxic lipid ROS using GSH as an
essential cofactor.*®*®* Several GPX4 inhibitors, such as
(1S,3R)-RSL3 (RSL3) and ML162, initiate ferroptosis.*® In
our study, GPX4 expression was significantly downregulated
in primary bronchial epithelial cells of COPD patients and
a murine model. CSE also induced GPX4 degradation in
HBE and A549 cells. GPX4 overexpression reduced the
release of DAMPs and proinflammatory cytokines from lung
epithelial cells in CS-exposed mice.** Moreover, overexpres-
sion of GPX4 in a COPD mouse model prevented ferroptosis
and the COPD phenotypes of emphysema and reduced airway
thickness,** indicating the critical role of GPX4 in the ferrop-
tosis and pathogenesis of COPD.

Nrf2 protects against COPD through antioxidative stress
and inflammation in the lung. A previous study showed that the
Nrf2 level was lowered in the lung tissues of aged smokers and
COPD patients.'”*° In the current study, we demonstrate that
the Nrf2 protein is significantly decreased in the peripheral
lungs of patients with COPD. Moreover, Nrf2 is located in
epithelial cells in lung tissues. We also report for the first time
that the expression of Nrf2 was low in primary epithelial cells
derived from COPD patients. Nrf2 protein levels were nega-
tively correlated with pulmonary oxidative injury and abnor-
mal inflammation.

Previous studies indicated that activation of the Nrf2-
GPX4 pathway enhanced the expression of a variety of
antioxidants and protected cells from damage caused by
ferroptosis and enhanced drug resistance.*' > As Nrf2 and

GPX4 expression was decreased in response to CS, we
sought to determine whether the Nrf2/GPX4 pathway
plays a role in the inhibition of CSE-induced ferroptosis.
Nrf2 overexpression reduced the level of ROS and lipid
peroxidation and enhanced SOD, indicating reduced fer-
roptosis in response to CSE. At the same time, GPX4
expression was enhanced at the mRNA and protein levels.
Upregulation of Nrf2 expression reduced the release of IL-
8 and IL-1B. The protective effect could be reversed by
treatment with RSL3, a small molecule that binds to and
inactivates GPX4, which indicates a significant protective
role of Nrf2/GPX4 in ferroptosis.

Nrf2 targets many antioxidative genes regulating ferropto-
sis. These targets can be divided into three broad classes: iron/
metal metabolism (eg, FTH1, HO-1), intermediate metabolism
(eg, G6PD, PPARG), and GSH synthesis/metabolism (eg,
GPX4, SLC7AL11), all of which have a verified ARE and are
implicated in ferroptosis.?” During GSH synthesis, cysteine is
transported into cells via a cystine/glutamate antiporter dubbed
system Xc- and then reduced to generate GSH by two
enzymes, glutamate-cysteine ligase (GCL) and glutathione
synthetase (GSS).** Nrf2 participates in GSH synthesis by
the upregulating system Xc- (SLC7A11) and the rate-limiting
enzymes GCL and GSS.'** Enzymes that are involved in
GSSG reduction or utilize GSH or NADPH to reduce oxidized
substrates are also targets of Nrf2.** GPX4 is the main neu-
tralizer of lipid peroxides and GSH eliminates lipid ROS via
the action of GPX4. GXP4 is upregulated by Nrf2 by binding
to the ARE of the GPX4 locus.*’ The details above demon-
strate the role of Nrf2 in preventing the initiation of ferroptosis
via GSH synthesis/metabolism and multiple pathways. As
GPX4 uses GSH as an essential cofactor while catalyzing
lipid hydroperoxides, exhausting GSH could inhibit the activ-
ity of GPX4," indicating that GPX4 may be regulated by Nrf2
via Nrf2 binding to the ARE of the GPX4 locus or the regula-
tion of GSH synthesis and metabolism. Considering that other
Nrf2 target genes are involved in the inhibition of ferroptosis or
the protection of COPD, Nrf2 pathways in ferroptosis of
COPD and the complex regulatory network should be further
evaluated.

It is well established that epigenetic alterations can affect
gene expression.’ Hypermethylation of CG-rich regions
(CpG islands) usually inhibits gene expression, while
demethylation often reactivates gene expression, thus playing
a critical role in cell proliferation, differentiation and
development.*® DNA methylation frequently occurs at CpG
islands, which usually have a GC content percentage of more
than 50% and a CpG ratio of at least 60%.%>" A recent study
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reported that the suppression of Nrf2 expression in the lung
tissue of COPD patients was caused by CpG hypermethylation
in the promoter.”* In the current study, the first two CpG sites of
the Nrf2 promoter were observed to be specifically hyper-
methylated in peripheral lung tissues, but only the first CpG
site was hypermethylated in cultures of primary epithelial cells.
One possible reason for the different hypermethylation profiles
could be differences between the in vitro and in vivo
environments.

Further studies may need to be conducted to elucidate the
mechanism of ferroptosis in the pathogenesis of COPD.
Animal models should be used to explore the role of the
Nrf2/GPX4 pathway in COPD. HO-1, NQO-1 and other tar-
gets in the Nrf2 antioxidant system have been shown to be
involved in ferroptosis, and these targets have been previously
demonstrated to participate in COPD. The influence of the
Nrf2-ARE interaction on ferroptosis and COPD needs to be
further studied.

Conclusions

In summary, the current study shows that Nrf2/GPX4 activa-
tion can alleviate ferroptosis and inflammation in COPD. DNA
hypermethylation at specific CpG sites of the Nrf2 promoter in
primary epithelial cells and in clinical lung tissues is correlated
with decreased Nrf2 expression, which is related to the occur-
rence and development of COPD. Further study of DNA
methylation of Nrf2 and its role in regulating ferroptosis in
a larger cohort is needed to validate these data.
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