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CSE triggers ferroptosis via SIRT4-mediated 2
GNPAT deacetylation in the pathogenesis
of COPD

Congping Li', Fei Chen?, Liangfen Lin?, Jiwei Li*, Yamei Zheng* and Qingyun Chen*’

Abstract

Background It is now understood that ferroptosis plays a significant role in the progression of chronic obstructive
pulmonary disease (COPD) induced by cigarette smoke extract (CSE). However, the mechanisms underlying this
relationship remain largely unclear.

Methods In this study, we established a COPD mouse model through exposure to cigarette smoke particulates,
followed by H&E staining, analysis of bronchoalveolar lavage fluid, and immunohistochemistry assay. A549 cells were
exposed to increasing concentrations of CSE, with the addition of the ferroptosis activator erastin or the inhibitor Fer-
1. Cell viability, LDH (lactate dehydrogenase) release, inflammatory cytokines, total ROS (reactive oxygen species), and
lipid ROS were measured using the corresponding assay kits. The acetylation level of GNPAT was determined through
immunoprecipitation. We assessed the expression levels of molecules involved in plasmalogen biosynthesis (FART,
AGPS, and GNPAT), GPX4, and SIRT4 using quantitative real-time PCR, western blot analysis, and immunofluorescence
staining.

Results CSE-induced lung tissue damage was initially observed, accompanied by oxidative stress, ferroptosis, and
increased plasmalogen biosynthesis molecules (FAR1, AGPS, and GNPAT). CSE also induced ferroptosis in A549 cells,
resulting in reduced cell viability, GSH, and GPX4 levels, along with increased LDH, ROS, MDA (malondialdehyde)
levels, oxidized lipids, and elevated FAR1, AGPS, and GNPAT expression. Knockdown of GNPAT mitigated CSE-induced
ferroptosis. Furthermore, we found that CSE regulated the acetylation and protein levels of GNPAT by modulating
SIRT4 expression. Importantly, the overexpression of GNPAT countered the inhibitory effects of SIRT4 on ferroptosis.

Conclusions Our study revealed GNPAT could be deacetylated by SIRT4, providing novel insights into the
mechanisms underlying the relationship between CSE-induced ferroptosis and COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
persistent airway condition characterized by a gradual
decline in lung function, resulting in airway constriction
and breathing difficulties [1]. It ranks as the third leading
cause of global mortality and constitutes a widespread
public health concern [2]. Cigarette smoke extract (CSE)
exposure is widely recognized as the primary risk factor
for COPD, primarily causing direct injury to bronchoal-
veolar epithelial cells, which drives the progression of
the disease [3]. Traditional treatments for COPD, such as
bronchodilators and glucocorticoids, primarily focus on
symptom relief, highlighting the need to investigate the
molecular mechanisms responsible for CSE-induced cel-
lular damage contributing to COPD development.

More recently, ferroptosis, a newly characterized
form of cell death dependent on the presence of iron,
has gained significant interest. It is distinguished by the
excessive accumulation of lipid peroxidation and reac-
tive oxygen species (ROS), setting it apart from other
regulated cell death mechanisms like apoptosis, necrosis,
and autophagy at both the morphological and molecular
levels [4, 5]. One fo the essential mediators of ferroptosis
is glutathione peroxidase 4 (GPX4), which is responsible
for converting lipid hydroperoxides into non-toxic lipids
[6]. It is now understood that GPX4’s activity relies on
glutathione (GSH) availability as a cofactor. When GPX4
is inactivated or GSH is depleted, lipid hydroperoxides
accumulate, ultimately triggering ferroptosis [7, 8]. There
is an increasing consensus suggesting that CSE expo-
sure can potentially induce ferroptosis in epithelial cells,
contributing to COPD pathogenesis [9-11]. However,
the precise mechanism by which CSE initiates ferropto-
sis and damages alveolar epithelial cells remains incom-
pletely understood.

Plasmalogens, a specific class of phospholipids
enriched in polyunsaturated fatty acids, are crucial for
various cellular processes, including membrane struc-
ture, signal transduction, and lipid metabolism [12]. Plas-
malogen biosynthesis involves key enzymatic steps, with
Fatty acyl-CoA reductase 1 (FAR1) converting fatty acids
into fatty alcohols. Additionally, glyceronephosphate
O-acyltransferase (GNPAT or DHAP-AT) and alkylg-
lycerone phosphate synthase (AGPS), two peroxisomal
enzymes, play pivotal roles in this process. GNPAT facili-
tates the acylation of dihydroxyacetone phosphate, while
AGPS catalyzes the acylation of alkylglycerone phosphate
[13].

Sirtuins, a family of deacetylases, comprise seven mem-
bers (SIRT1-SIRT7) that display extensive conservation
across various species [14]. Several proteins in the Sirtuin
family have been reported to be closely associated with
ferroptosis. For instance, SIRT1 can prevent ferroptosis
and mitigate the harm to lung epithelial cells caused by
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exposure to heat stress by deacetylating the p53 protein
[15]. Moreover, the resistance observed in cases of SIRT3
deficiency to autophagy-dependent ferroptosis induced
by high glucose and erastin implies that targeting SIRT3
might hold promise as a therapeutic approach for the
treatment of gestational diabetes mellitus (GDM) [16]. In
addition, silencing SIRT6 overcomes sorafenib resistance
by promoting ferroptosis via inactivating the Keap1/Nrf2
signaling pathway in gastric cancer [17]. Interestingly, a
study highlighted SIRT4’s ability to protect human pul-
monary microvascular endothelial cells (HPMECs) from
CSE-induced stress [18]. Moreover, evidence suggests
that SIRT4 can promote GNPAT degradation through
deacetylation [19]. Therefore, it is highly conceivable
that SIRT4-mediated GNPAT deacetylation contrib-
utes to COPD development by mediating CSE-triggered
ferroptosis.

This study aimed to investigate the impact of CSE on
lung tissues and human alveolar epithelial cells, empha-
sizing its role in inducing ferroptosis. To validate our
hypothesis, a series of experiments was conducted to
confirm the involvement of SIRT4-mediated GNPAT
deacetylation in triggering ferroptosis upon exposure
to CSE. These findings provide insights into the mecha-
nisms of COPD pathogenesis and open up new avenues
for targeted therapy for this patient population.

Methods

Mouse models

A total of sixteen female C57BL/6 strain mice, aged 6—8
weeks and weighing 20-25 g, were acquired from the
Shanghai Animal Laboratory Center (Shanghai, China).
These mice were housed in a specific-pathogen-free ani-
mal facility and provided ad libitum access to food and
water. The mice underwent adaptive feeding for a week,
after which they were assigned randomly into normal
and COPD model groups with 8 mice per group. A smok-
ing chamber (measuring 70 cm x 50 cm x 40 c¢cm) was
custom-made to establish the COPD model group, as
previously described in the literature [20, 21]. The mice
in COPD group were placed inside the chamber and sub-
jected to whole-body exposure to 10 cigarette smokes
(each cigarette contains 1.2 mg of nicotine and 10 mg of
tar) for 2 h once a day for six months. Following the final
exposure, the mice were euthanized under anesthesia,
and a ligation was performed on the trachea and one of
the lung lobes. A puncture needle was then inserted into
the upper part of the trachea. After unilateral lung perfu-
sion (35 times) using 0.3 ml of PBS, the bronchoalveolar
lavage fluid was obtained and stored temporarily at 4 °C.
Lung tissues that were not irrigated were preserved using
a combination of partial freezing at -80 °C and fixation
with neutral-buffered formalin overnight.
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Biological analysis of lavage solution

A sterile container was used to collect bronchoalveo-
lar lavage fluid to count neutrophils, macrophages, and
lymphocytes. The collected cells were stained using the
May-Grunwald Giemsa method and analyzed through
standard microscopy. The resulting cell counts were
recorded.

Histology and immunohistochemistry

The lung tissues obtained from COPD and normal mice
were subjected to ethanol dehydration, followed by
embedding in paraffin. Subsequently, the tissues were
sliced into sections measuring 5 pm in thickness. Fol-
lowing the process of deparaffinization and rehydra-
tion, specific sections were subjected to staining with
hematoxylin (Solarbio, H8070, Beijing, China) and eosin
(Sangon, A600190, Shanghai, China) for histological
evaluation. Then, the alveolar wall thickness and mean
alveolar septa under HE staining were measured by
Image] software. For immunohistochemistry, selected
sections of lung tissues from COPD and normal mice
were deparaffinized, rehydrated, and placed in sodium
citrate buffer to retrieve antigens. Subsequently, the sec-
tions were blocked with serum and subjected to incuba-
tion with primary antibodies targeting Bax (ab32503;
Abcam), GPX4 (ab219592; Abcam) and GNPAT (14931-
1-AP, Proteintech), which were diluted in PBS at 4 °C
overnight. Afterward, the sections were incubated with
an HRP-conjugated secondary antibody for 1 h at room
temperature and visualized using a microscope imaging
system (Nikon, Tokyo, Japan).

CSE preparation

To generate a solution of CSE for this study, a single unfil-
tered cigarette containing 1.2 mg of nicotine and 10 mg
of tar was lit, and its smoke was continuously drawn
into a sterile 10mL solution of phosphate-buffered saline
(PBS) using a negative pressure suction device, result-
ing in a solution known as CSE. This CSE solution was
purified through a 0.22 um filter to remove any remain-
ing cigarette residue and bacteria. Upon completion, the
liquid was characterized as a CSE solution with a purity
of 100%. CSE solution was diluted with DMEM medium
to 0.1%, 0.5%, 2%, and 5% CSE concentration and used in
subsequent experiments within 15 min after preparation.

Cell culture and intervention

The human type II alveolar epithelial cell line A549 was
obtained from Procell Life Science and Technology Co.,
Ltd (Wuhan, China) and cultured in DMEM medium
(Gibco) supplemented with 10% FBS (Gibco), penicillin
(100 U/ml), and streptomycin (100 U/ml) at 37 °C with
5% CO,. According to the different experimental require-
ments, A549 cells were classified into different groups as
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follows: (1) Blank group (without treatment), 0.1%, 0.5%,
2% and 5% CSE groups; (2) Blank group, 5% CSE group,
5% CSE+DMSO group, 5% CSE+Erastin group that cells
were co-treated with 5% CSE and 2.5 mM erastin (Sell-
eck Chemicals, USA) and 5% CSE+Fer-1 group that
cells were co-intervened with 5% CSE and 1 mM Fer-1
(Med Chem Express, USA); (3) A549 cells were trans-
fected with sh-negative control (sh-NC) and sh-GNPAT
(Ruibio Biotech Co., Ltd., Beijing, China) for 48 h, fol-
lowed by 5% CSE treatment and divided into correspond-
ing two groups; (4) A549 cells were transfected with
overexpression plasmid SIRT4 alone or GNPAT together
(GenePharma Co. Ltd., Shanghai, China), followed by 5%
CSE treatment. Four groups were obtained, including
blank+vector, 5% CSE+vector, 5% CSE+SIRT4, and 5%
CSE+SIRT4+GNPAT. All cell transfections were carried
out using Lipofectamine 3000 as per the manufacturer’s
instructions.

CCK-8 assay

Cell viability was determined using a Cell Counting Kit-8
(CCK-8) kit (CK04, Dojindo Laboratories, Japan). In
brief, A549 cells from various groups (2x103 cells/well)
were plated in 96-well plates and incubated at 37 °C with
5% CO, for 6, 12, 24, and 36 h, respectively. Subsequently,
the cells in each well were treated with a complete
medium containing 10 pl of CCK-8 solution and incu-
bated for an additional 2 h. The optical density of each
well was then determined at 450 nm using a microplate
reader.

LDH activity assay

The supernatants (100 pL) from different groups were
collected, and lactate dehydrogenase (LDH) release was
measured using an LDH Cytotoxicity Assay kit (C0016,
Beyotime Institute of Biotechnology) according to the
manufacturer’s instructions.

Measurement of reactive oxygen species (ROS)

The level of total ROS was determined using a 2,7’-dichlo-
rofluorescein diacetate (DCFH-DA) kit (Beyotime,
Shanghai, China). Cells from different groups (5x10°
cells/well) were placed into six-well plates and incu-
bated with 10 pmol/L DCFH-DA diluted with serum-free
medium for 20 min at 37 °C. After washing thrice with
a serum-free medium, ROS levels were analyzed by flow
cytometry.

Lipid oxidation detection

The level of lipid oxidation was detected using the
C11-BODIPY (581/591) probe (Servicebio Technol-
ogy, Wuhan, China), where non-oxidized lipids were
stained in red and oxidized lipids in green. Briefly, cells
from different groups were washed twice with PBS and
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incubated with 10 umol/L BODIPYTM 581/591 C11 at
37 °C in the dark for 30 min. The fluorescence intensity
was observed under an inverted fluorescence microscope
(%500 magnification).

Enzyme-linked immunoassay (ELISA) assay

In short, the study involved collecting bronchoalveo-
lar lavage fluid and cell supernatant in PBS. The levels
of GPX4, IL-33, and IL-1a in both the bronchoalveolar
lavage fluid and cell supernatant were measured using
ELISA kits from Shanghai Enzyme-linked Biotechnol-
ogy Co., Ltd (ml057982/ m1060706, m1063153/ml063084,
ml002273/ml058010), following the manufacturer’s
instructions.

Detection of MDA and GSH content

The MDA and GSH concentrations in lung tissue sam-
ples dissolved in extraction buffer or cellular superna-
tant were determined using kits from Beyotime (S0131S,
S0053, Shanghai, China), following the manufacturer’s
instructions. MDA and GSH levels were measured indi-
vidually using a microplate reader at 450 and 405 nm,
respectively.

Flow cytometry

The apoptotic rate of A549 cells was measured using an
Annexin V-FITC/PI detection kit (CA1020, Solarbio,
Beijing, China). Briefly, A549 cells from different groups
were harvested after trypsin digestion and fixed with 70%
ethanol. Then, cells were stained with Annexin V-FITC
and PI in the presence of 50 mg/mL RNase A for 1 h at

Table 1 Primer pairs used for quantitative RT-PCR analysis

Gene ID Sequence (5'- 3')

H-GAPDH F TGTTCGTCATGGGTGTGAAC
H-GAPDH R ATGGCATGGACTGTGGTCAT
H-FAR-1 F CTCACCCAACCTAAACTGGCT
H-FAR-1R GCTTGCGATTACAGTAGGCATA
H-AGPS F TGAGTACCAATGAGTGCAAAGC
H-AGPS R GGTAAACCCATGCCACTAAGAG
H-GNPAT F AAGAGAGGAGGCATGTCAGT
H-GNPAT R AACCGAATGGCTCCAAGACG
H-SIRT4 F TCGTAGGCTGGCCTCAATTC
H-SIRT4 R CCCACAATCCAAGCACAGGA
M-B-actin F CATTGCTGACAGGATGCAGA
M-B-actin R CTGCTGGAAGGTGGACAGTGA
M-FAR-1 F TAGTGGTCAACACGAGCCTTG
M-FAR-1 R GGCTTACAGCAATCCAGTAATGA
M-AGPS F AATGGATGGGGCTACAATGATTC
M-AGPS R TCCAGACTTACTCCAAGGGTG
M-GNPAT F GGAGCCATTCGGTTCTTTGC
M-GNPAT R AAGTCCATTCCTGCTGCGAT

H: human; M: mouse; F: forward primer; R: reverse primer; RT: reverse
transcription primer
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room temperature in darkness, which were subsequently
assessed with flow cytometry.

Transmission electron microscopy

A549 cells from various groups underwent fixation with
1% osmic acid at room temperature in the dark for 2 h,
dehydration using acetone, polymerization at 60 °C for
48 h, and slicing into 60—80 nm ultrathin sections. These
sections were then stained with a 2% saturated uranyl
acetate alcohol solution and a 2.6% lead citrate solution
and observed for any changes in mitochondrial morphol-
ogy under a transmission electron microscope (x50 000
magnification, Hitachi, Tokyo, Japan).

Immunofluorescence staining

The A549 cells from different groups were subjected to
three washes with PBS, then fixation with 4% paraformal-
dehyde for 30 min. Subsequently, the cells were treated
with 1% Triton X-100 for 20 min. Following three washes
with PBS, the cells were blocked with 5% BSA for 1 h at
37 °C. Subsequently, they were incubated overnight at
4 °C with the primary antibody against GNPAT (14931-
1-AP, Proteintech). Afterward, a fluorescent second-
ary antibody (1:300) was added and incubated for 2 h at
37 °C. Finally, the cells were stained with DAPI (1:4000)
for 5 min before observation under a fluorescence micro-
scope (X500 magnification).

Quantitative real-time PCR

Total RNA was extracted from lung tissues or cells using
Trizol reagent from Invitrogen, USA. The extracted
RNA was then reverse-transcribed into cDNA using the
PrimeScript™ RT reagent kit by Takara. The PCR ampli-
fication was carried out using the SYBR Green PCR kit
by Takara on the ABI PRISM Step-One Real-time PCR
System, manufactured by Applied Biosystems, Carlsbad,
CA, USA. The relative expression levels were determined
by the 2724€T method. Table 1 contains the PCR primer
sequences used in the experiment.

Western blot analysis

Total protein was isolated from lung tissues or cells using
RIPS lysis buffer (Beyotime, Shanghai, China), and cor-
responding protein concentration was determined with
BCA protein assay (Beyotime). After being mixed with
loading buffer and boiled in boiling water, 30 pug proteins
were separated by SDS-polyacrylamide gel electropho-
resis and transferred to PVDF membranes (Millipore).
After being blocked with 5% non-fat milk for 2 h, the
membranes were incubated with primary antibodies
against GPX4 (ab219592), FAR-1 (ab202298), AGPS
(ab236621), GNPAT (ab75060) and p-actin (ab8227) from
Abcam overnight at 4 °C. Afterwards, the membranes
were incubated with horseradish peroxidase-linked
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secondary antibody (1:5000) for 2 h at room temperature.
Protein bands were visualized with enhanced chemilumi-
nescence reagent (Thermo Fisher Scientific).

Immunoprecipitation assay

To perform the immunoprecipitation assay, we first lysed
the cells using a lysis buffer. Next, the cell lysates were
incubated with a cross-linked resin and 10 pg of GNPAT
antibody (ab75060, Abcam) overnight at 4 °C. We eluted
the protein complexes bound to the antibody the follow-
ing day using an elution buffer. These eluted complexes
were then subjected to a western blot assay using an ace-
tyl-lysine antibody (ab190479, Abcam).

Statistical analysis

GraphPad Prism 8 software (San Diego, CA, USA) was
utilized for data analysis. The results were presented as
mean=standard deviation (SD). Statistical comparisons
were conducted using two-sided, unpaired Student’s
t-test or one-way analysis of variance (ANOVA), followed
by Dunnett’s test or Tukey’s post-hoc test as appropri-
ate. A p-value less than 0.05 was considered statistically
significant.

Results

Investigation of the association between plasmalogen
biosynthesis enzymes and ferroptosis in COPD mice

First, a COPD mouse model was established to explore
the potential involvement of plasmalogen biosynthesis
molecules (FAR1, AGPS, and GNPAT) in ferroptosis.
H&E staining revealed extensive lung tissue damage in
the COPD model group, characterized by thickened alve-
olar walls, reduced alveolar septa size, partial tracheal
obstruction, and proliferation of goblet epithelial cells. In
contrast, the normal control group displayed well-defined
alveolar structures with a uniform arrangement (Fig. 1A).
ELISA assay results indicated a significant rise in pro-
inflammatory cytokines (IL-33 and IL-1a) in the COPD
model group compared to the normal group (Fig. 1B).
Additionally, bronchoalveolar lavage fluid analysis
showed a significant increase in three types of inflamma-
tory cells, including neutrophils, lymphocytes, and mac-
rophages, in the COPD model compared to the normal
group (Fig. 1C). The immunohistochemistry staining for
Bax also confirmed the damage of lung tissue in COPD
mice (Fig. 1D). Regarding ferroptosis markers, GPX4
and GSH levels were substantially reduced, while MDA
was elevated in the COPD model group compared to
the normal group (Fig. 1E). Immunohistochemistry and
western blot analysis corroborated the downregulation
of GPX4 in lung tissues from the COPD model (Fig. 1F
and G). Furthermore, western blot analysis (Fig. 1G) and
quantitative real-time PCR (Fig. 1H) confirmed increased
expression of FAR-1 and AGPS at protein and mRNA
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level in the COPD group, while GNPAT expression only
increased at protein level but not at mRNA level. These
findings suggest the potential involvement of FAR-1,
AGPS, and GNPAT in ferroptosis in the lungs of COPD
patients. Immunohistochemical staining further sup-
ported higher expression of GNPAT in the COPD model,
indicating a role for post-transcriptional or protein-level
regulation in GNPAT expression (Fig. 1).

Induction of ferroptosis by CSE and promotion of
plasmalogen biosynthesis enzyme expression in human
alveolar epithelial cells

Human alveolar epithelial A549 cells were exposed to
various concentrations of CSE (0.1%, 0.5%, 2%, and 5%)
for 24 h. The CCK-8 assay demonstrated reduced cell
viability with increasing CSE concentrations (Fig. 2A).
The LDH assay revealed increased LDH enzyme activ-
ity with higher CSE concentrations, indicating cellular
damage (Fig. 2B). The inflammatory cytokines IL-33 and
IL-1a exhibited a dose-dependent increase in response
to increased CSE concentrations, indicating heightened
cellular inflammation (Fig. 2C). Flow cytometry showed
a dose-dependent increase in ROS production follow-
ing CSE exposure (Fig. 2D). Similarly, CSE exposure led
to a significant increase in malondialdehyde (MDA) pro-
duction (Fig. 2E) and a decrease in glutathione (GSH)
and GPX4 levels (Fig. 2F and G). Western blot analysis
revealed downregulated GPX4 and upregulated ace-
tal phospholipid-related enzymes (FAR1, AGPS, and
GNPAT) in a dose-dependent manner after CSE expo-
sure (Fig. 2H). PCR analysis showed elevated mRNA
levels of the three plasmalogen biosynthesis enzymes in
a dose-dependent manner, with AGPS showing the most
substantial increase and GNPAT exhibiting the least
pronounced increase (Fig. 2I). Notably, while the PCR
assay indicated a minor increase in GNPAT mRNA lev-
els, the corresponding protein level showed a significant
increase, suggesting a potential post-transcriptional or
protein-level regulation mechanism similar to the in vivo
results. Based on the substantial impact of the 5% CSE
treatment, this concentration was chosen for subsequent
experiments to investigate the role of GNPAT.

Experimental validation of CSE-induced ferroptosis in
human alveolar epithelial cells

To validate that CSE induced cell damage via ferroptosis,
A549 cells were treated with DMSO, erastin (ferroptosis
activator), or Fer-1 (ferroptosis inhibitor) in conjunction
with 5% CSE exposure. The addition of DMSO to 5% CSE
did not significantly affect cell viability or LDH activ-
ity compared to the group treated with 5% CSE alone, as
evidenced by CCK-8 (Fig. 3A) and LDH (Fig. 3B) analy-
ses. However, the group treated with both 5% CSE and
erastin displayed decreased cell viability and increased
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Fig. 1 Investigation of the association between the expression of plasmalogen biosynthesis and ferroptosis in COPD mice. (A) H&E staining of sections
of mouse lung tissues from COPD model and normal group. (B) The concentration of IL.-33 and IL-1a in the bronchoalveolar lavage fluid was determined
by ELISA assay. (C) The neutrophils, macrophages, and lymphocytes in bronchoalveolar lavage fluid were quantified and compared between COPD and
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were analyzed between COPD and normal groups. (F) GPX4 expression in the lung tissues of mice was tested by immunohistochemistry (x100 and x200).
(G) The protein expression of GPX4, FAR-1, AGPS, and GNPAT was detected via western blot analysis. (H) The mRNA expression of FAR-1, AGPS, and GNPAT
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Fig. 2 CSE triggered ferroptosis and upregulated the expression of plasmalogen biosynthesis in human alveolar epithelial cells. Human type Il alveolar
epithelial A549 cells were exposed to 0.1%, 0.5%, 2%, and 5% CSE for 24 h. (A) Cell viability was detected by CCK-8 assay. (B) LDH release was detected by
LDH activity assays. (C) The concentration of IL.-33 and IL-1a in the cellular supernatant was determined by ELISA assay. (D) The levels of total ROS were
determined using a 2, 7"-dichlorofluorescein diacetate (DCFH-DA) kit. (E-G) Quantification of the ferroptosis-related markers MDA, GSH, and GPX4. (H) The
protein levels of GPX4, FAR-1, AGPS, and GNPAT were detected by western blot analysis. (I) The mRNA expression of FAR-1, AGPS, and GNPAT was mea-
sured via quantitative real-time PCR. Data are presented as the mean+SD of three replicates and analyzed using one-way analysis of variance (ANOVA),
followed by Dunnett’s test. "*p>0.05, *p < 0.05, **p < 0.01, ***p <0.001, compared with blank. The gels were cropped reasonably
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Fig. 3 Experimental validation of CSE-induced cell damage, inflammation and ROS in human alveolar epithelial cells. A549 cells were treated with DMSO,
erastin (ferroptosis activator) or Fer-1 (ferroptosis inhibitor), accompanied by 5% CSE exposure. (A) Cell viability was detected by CCK-8 assay. (B) The LDH
release was detected by LDH activity assays. (C) The levels of total ROS were determined using a 2, 7-dichlorofluorescein diacetate (DCFH-DA) kit. (D) Cell
apoptosis was determined by flow cytometry assay. (E) Detection of lipid oxidation by the BODIPY 581/591 C11 probe method. Data are presented as the
mean +SD of three replicates and analyzed using ANOVA, followed by Tukey’s post-hoc test. ***p <0.001, compared with blank; $p <0.05, $$5p <0.001,

compared with 5% CSE; ###p < 0.001, compared with 5% CSE+DMSO

LDH activity, indicating that erastin exacerbated the det-
rimental effects induced by CSE. Conversely, the group
treated with 5% CSE and Fer-1 showed improved cell
viability and reduced LDH activity, suggesting that Fer-1
alleviated cellular damage caused by CSE. Flow cytome-
try revealed that 5% CSE exposure induced ROS produc-
tion and apoptosis, which were attenuated by Fer-1 and
intensified by erastin (Fig. 3C and D). Analysis of lipid

oxidation indicated increased lipid peroxidation in the 5%
CSE+erastin group and decreased lipid peroxidation in
the 5% CSE+Fer-1 group compared to the 5% CSE group
(Fig. 3E). Transmission electron microscopy (TEM) anal-
ysis demonstrated that the addition of Fer-1 restored the
number of mitochondrial inner ridges, whereas the sup-
plementation of erastin further decreased the number of
inner ridges (Fig. 4A). At the molecular level, exposure to
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Fig. 4 Experimental validation of CSE-induced markers associated with ferroptosis and plasmalogen biosynthesis. (A) Mitochondrial morphology as-
sociated with ferroptosis was determined by transmission electron microscopy. (B) Content detection of the ferroptosis-related markers MDA, GSH, and
GPX4 by ELISA. (C) The mRNA expression of GNPAT was measured via quantitative real-time PCR. (D) The protein levels of GPX4 and GNPAT were detected
by western blot analysis. (E) Immunofluorescence staining of GNPAT was displayed in different groups. Data are presented as the mean +SD of three
replicates and analyzed using ANOVA, followed by Tukey's post-hoc test. *p < 0.05, ***p <0.001, compared with blank; $p < 0.05, compared with 5% CSE;
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5% CSE led to increased MDA levels and decreased GSH
and GPX4 levels. Western blot analysis, quantitative real-
time PCR, and immunofluorescence staining revealed
that erastin increased GNPAT mRNA and protein levels
while decreasing GPX4 protein expression. In contrast,
Fer-1 yielded the opposite effects, decreasing GNPAT
and increasing GPX4 levels under the same experimental
conditions (Fig. 4C and D, and 4E). These results collec-
tively suggested that ferroptosis played a significant role
in CSE-induced cell damage.

Interference with GNPAT can alleviate the CSE-induced
ferroptosis of human alveolar epithelial cells

In light of the pronounced elevation of GNPAT pro-
tein levels in CSE-induced ferroptosis, a loss-of-func-
tion assay was conducted to explore the functional role
of GNPAT in vitro. First, quantitative real-time PCR

(Fig. 5A), western blot analysis (Fig. 5B), and immuno-
fluorescence staining (Fig. 5C) confirmed the successful
silencing of GNPAT in CSE-treated A549 cells following
sh-GNPAT transfection. Subsequent functional experi-
ments revealed that GNPAT knockdown significantly
alleviated CSE-induced ferroptosis, as evidenced by
restored cell viability (Fig. 5D), decreased LDH activ-
ity (Fig. 5E), reduced ROS production (Fig. 5F), lower
cell apoptosis rates (Fig. 5G), restoration of the number
of mitochondrial inner ridges (Fig. 5H), and diminished
lipid peroxidation (Fig. 5I). Furthermore, GNPAT inhi-
bition resulted in increased levels of GPX4 and GSH,
along with decreased levels of MDA (Fig. 5J), high-
lighting the suppressive effects of GNPAT knockdown
on ferroptosis. Given that SIRT4 has been reported to
deacetylate and downregulate GNPAT, we proceeded to
examine the expression of SIRT4 and the acetylation of
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Fig. 5 Interference with GNPAT can alleviate CSE-induced ferroptosis in human alveolar epithelial cells. A549 cells were transfected with sh-GNPAT or
sh-NC for 48 h, followed by 5% CSE treatment. (A-B) The expression levels of GNPAT mRNA and protein were determined in the above A549 cells. (C)
Immunofluorescence staining of GNPAT was shown. (D) Cell viability was detected by CCK-8 assay. (E) The LDH release was detected by LDH activity
assays. (F) The levels of total ROS were determined using a 2, 7*-dichlorofluorescein diacetate (DCFH-DA) kit. (G) Cell apoptosis was determined by flow
cytometry assay. (H) Mitochondrial morphology associated with ferroptosis was determined by transmission electron microscopy. (I) Detection of lipid
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GNPAT in A549 cells exposed to various concentrations
of CSE. Our findings revealed a significant reduction in
the expression level of SIRT4 with increasing CSE con-
centration (Fig. 5K). In addition, we observed an increase
in the acetylation level of GNPAT with rising CSE con-
centration, in contrast to the changes observed in SIRT4
expression (Fig. 5L). These findings suggest that CSE may
regulate the acetylation and protein levels of GNPAT
through the modulation of SIRT4 expression.

Experimental validation of CSE triggering ferroptosis via
SIRT4-mediated GNPAT deacetylation

Next, we conducted rescue experiments to investigate
whether SIRT4-mediated GNPAT deacetylation played
a role in CSE-triggered ferroptosis. The following groups
were established: blank+vector, 5% CSE+vector, 5%
CSE+SIRT4, and 5% CSE+SIRT4+GNPAT. In the pres-
ence of CSE, GNPAT mRNA levels slightly increased,
while protein levels significantly increased. However,
upon transfection with an overexpressed SIRT4 plasmid,
GNPAT protein levels decreased considerably, suggest-
ing that CSE and SIRT4 primarily regulate GNPAT at the
protein level. The successful overexpression of GNPAT
was confirmed by a substantial increase in both mRNA
and protein levels following transfection. Moreover, the
addition of CSE reduced both the mRNA and protein
levels of SIRT4. However, transfection with an overex-
pressed SIRT4 plasmid significantly elevated the mRNA
and protein levels of SIRT4, confirming the efficiency of
the transfection procedure (Fig. 6A-B). Immunofluores-
cence staining of GNPAT also corroborated these results
(Fig. 6C). Immunoprecipitation assays revealed that the
acetylation level of GNPAT increased with the addition
of CSE but decreased upon overexpression of SIRT4
(Fig. 6D). Subsequent functional assays demonstrated
that GNPAT overexpression significantly reversed the
suppressive effects of SIRT4 overexpression on CSE-trig-
gered ferroptosis in A549 cells, as indicated by the CCK-8
assay (Fig. 6E), LDH assay (Fig. 6F), flow cytometry
(Fig. 6G), DCFH-DA kit (Fig. 6H), BODIPY 581/591 C11
probe (Fig. 7A), TEM analysis (Fig. 7B), as well as analysis
of MDA, GPX4 and GSH (Fig. 7C) activities.

Discussion

While the involvement of ferroptosis in the pathogen-
esis of COPD induced by cigarette smoke is well estab-
lished, the mechanisms underlying this association
remain largely elusive. In this study, we observed ele-
vated expression of plasmalogen biosynthesis molecules
(GNPAT, AGPS, and FAR-1) in a COPD mouse model
and CSE-exposed A549 cells accompanied by ferrop-
tosis. Notably, plasmalogens are a class of ether phos-
pholipids found in various human tissues, including the
lungs and lung surfactants, known for their remarkable
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antioxidant properties [22]. Lee et al. [23] reported that
genetic ablation of genes involved in alkyl-ether plasmal-
ogen biosynthesis (FARI, GNPAT, AGPS, and AGPAT3)
leads to ferroptosis resistance. This study implies a pos-
sible relationship between plasmalogen biosynthesis
enzymes (GNPAT, AGPS, and FAR-1) and CSE-induced
ferroptosis.

To explore how plasmalogen biosynthesis enzymes reg-
ulate ferroptosis induced by CSE, we initially confirmed
the occurrence of CSE-induced ferroptosis in human
alveolar epithelial cells using the ferroptosis activator
erastin and the inhibitor Fer-1. Previous research has
indicated that CSE results in airway inflammation and
the death of alveolar epithelial cells [24]. Our study uti-
lized the A549 cell line, derived from human lung ade-
nocarcinoma cells, which exhibit key characteristics of
type II alveolar epithelial cells. This cell line has become
a popular choice for studying COPD at the cellular level
due to increasing evidence supporting its similarity to
actual type II alveolar epithelial cells [25-27]. In a loss-
of-function assay, we knocked down GNPAT and found
that inhibiting GNPAT expression effectively mitigated
CSE-induced ferroptosis. While a direct causal relation-
ship between GNPAT and ferroptosis remains unclear,
Xu et al. [28] conducted a study demonstrating that
knocking down GNPAT using shRNA significantly miti-
gated the effects of clustered regularly interspaced short
palindromic repeats-catalase by reducing the levels of
plasmalogens and ROS. Moreover, GNPAT significantly
enhanced the growth-suppressing effects of CDDO-Me
(an antitumor agent) and induced apoptosis in melanoma
cells [29]. These results suggest that regulating the gen-
eration of plasmalogens through the enzyme GNPAT
plays a significant role in determining the vulnerability of
cells to ferroptosis, highlighting the potential of targeting
GNPAT as a therapeutic approach for diseases marked by
disrupted lipid metabolism and oxidative stress.

There is mechanistic evidence suggesting that the
deacetylation process catalyzed by SIRT4 may enhance
GNPAT degradation [19]. In this study, we observed
that with an increase in CSE concentration, the acety-
lation level of GNPAT increased, while the expression
level of SIRT4 decreased. Subsequently, we conducted
rescue experiments to explore whether the deacetylation
of GNPAT by SIRT4 played a role in CSE-induced fer-
roptosis. As expected, the overexpression of GNPAT
significantly countered the inhibitory effects of SIRT4
on CSE-induced ferroptosis. SIRT4, primarily found in
mitochondria, is crucial in various metabolic processes
within this organelle [30]. Its impact on ATP levels and
lipid metabolism suggests that it may be involved in sev-
eral mitochondrial dysfunction-related disorders and
diseases [31, 32]. Additionally, SIRT4 has been shown
to promote cardio-protection by increasing cellular
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Fig. 6 Experimental validation of CSE-induced apoptosis and ROS generation via SIRT4-mediated GNPAT acetylation. A549 cells were classified into four

groups, including blank+vector, 5% CSE +vector, 5% CSE +SIRT4 and 5%

CSE + SIRT4 4+ GNPAT. (A-B) The expression levels of SIRT4 and GNPAT at mRNA

and protein were determined in the above A549 cells. (C) Immunofluorescence staining of GNPAT was shown. (D) GNPAT acetylation level was detected
by immunoprecipitation assay. (E) Cell viability was detected by CCK-8 assay. (F) The LDH release was detected by LDH activity assays. (G) Cell apoptosis
was determined by flow cytometry assay. (H) The levels of total ROS were determined using a 2, 7*-dichlorofluorescein diacetate (DCFH-DA) kit. Data

are presented as the mean + SD of three replicates and analyzed using AN

OVA, followed by Tukey’s post-hoc test. **p <0.01, ***p <0.001, compared with

blank+ vector; #p < 0.05, ###p < 0.001, compared with 5% CSE +vector; $$5p < 0.001, compared with 5% CSE + SIRT4. The gels were cropped reasonably

resistance to H,O,-induced apoptosis in H9¢2 cells with-
out causing any harm to the cells [33]. Recent research
has also demonstrated that overexpression of SIRT4 can
reduce podocyte injury and inhibit podocyte apoptosis
under hyperglycemic conditions by increasing the mito-
chondrial membrane potential (MMP) and reducing
ROS originating from the mitochondria in podocytes
[34]. To our knowledge, no research has established a
link between SIRT4 and ferroptosis. Indeed, given the
involvement of other family proteins like SIRT1 [15],

SIRT3 [16], and SIRT7 [35] in ferroptosis and the findings
that SIRT4 has a protective effect in HPMECs exposed to
CSE stress [18], it is highly conceivable that SIRT4 may
also inhibit ferroptosis triggered by CSE in A549 cells.

In conclusion, our study has uncovered a hitherto
undocumented link between plasmalogen biosynthe-
sis enzymes and ferroptosis induced by CSE. Moreover,
we demonstrated that the deacetylation of GNPAT by
SIRT4 yields a significant protective effect against CSE-
induced ferroptosis. These results shed new light on the
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Fig. 7 Experimental validation of CSE-induced ferroptosis-related markers via SIRT4-mediated GNPAT acetylation. (A) Detection of lipid oxidation by the
BODIPY 581/591 C11 probe method. (B) Mitochondrial morphology associated with ferroptosis was determined by transmission electron microscopy. (C)
Content detection of the ferroptosis-related markers MDA, GSH, and GPX4 by ELISA. Data are presented as the mean + SD of three replicates and analyzed
using ANOVA, followed by Tukey’s post-hoc test. ***p <0.001, compared with blank+vector; ###p <0.001, compared with 5% CSE+vector; $$p<0.01,

$$5p <0.001, compared with 5% CSE + SIRT4

underlying mechanisms of ferroptosis in response to CSE
and suggest that targeting the deacetylation of GNPAT
via SIRT4 may be a promising avenue for investigating
COPD.
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