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Glucocorticoid resistance increases the frequency of acute exacerbations and the risk of death in 
chronic obstructive pulmonary disease (COPD) patients with a history of long-term heavy smoking. 
In this study we aimed to investigate the role of neutrophil ferroptosis resistance and the formation 
of neutrophil extracellular traps (NETs) in cigarette smoke (CS)-induced glucocorticoid resistance in 
COPD. We collected clinical specimens from COPD patients and healthy subjects. A mouse model of 
COPD induced by CS exposure was established in vivo. Neutrophils were isolated from the peripheral 
blood of human donors and exposed to CS extract in vitro. We found extensive NET formation was 
observed in COPD patients with a history of long-term heavy smoking and was closely related to 
glucocorticoid resistance. In vivo, we found that prolonged CS exposure promoted NET formation and 
that rendered dexamethasone (Dex) treatment ineffective at alleviating lung inflammation in COPD 
model mice. However, the NET degrading agent deoxyribonuclease I could increase sensitivity to Dex in 
COPD model mice. In vitro experiments demonstrated that CS extract increased neutrophil cell viability 
by activating the Nrf2/SLC7A11/GPX4 pathway and inducing ferroptosis resistance in neutrophils. 
And we found that neutrophil specific GPX4 knockout inhibited CS-induced NET formation, increased 
sensitivity to Dex, and alleviated CS-induced glucocorticoid resistance in vivo and in vitro. In conclusion 
CS promotes glucocorticoid resistance in COPD by inducing ferroptosis resistance in neutrophils, further 
resulting in NET formation.

Introduction

   Chronic obstructive pulmonary disease (COPD) is a persistent 
respiratory condition characterized by continuous airflow limita-
tion. As the third leading cause of death globally, it affects 
approximately 400 million individuals [  1 ]. Treatment outcomes 
for COPD remain poor, primarily because some long-term heavy 
smokers in Global Initiative for Chronic Obstructive Lung 
Disease (GOLD) groups C and D exhibit resistance to glucocor-
ticoids [  2 ,  3 ]. Glucocorticoids exert strong anti-inflammatory 
effects by activating glucocorticoid receptor α (GRα) and increas-
ing the expression of histone deacetylase 2 (HDAC2) [  4 ,  5 ]. This 
process leads to histone deacetylation, which inhibits the tran-
scription of proinflammatory genes (such as IL-8, IL-1β, IL-6, 
and TNFα) while promoting the expression of anti-inflammatory 
genes [  6 –  8 ]. However, in clinical practice, a subset of COPD 
patients do not respond adequately to standard doses of gluco-
corticoids. These patients are predominantly those with a history 

of long-term heavy smoking, exhibit relatively high mortality 
rates, and require substantial clinical resources [ 3 ,  9 ,  10 ].

   Cigarette smoking, the most common etiological factor of 
COPD, leads to neutrophil infiltration and the formation of 
neutrophil extracellular traps (NETs) in the airways of COPD 
patients [  11 ,  12 ]. Neutrophils, the primary inflammatory cells 
in COPD, can be activated by cigarette smoke extract (CSE) to 
facilitate NET formation [  13 ,  14 ]. NETs are weblike structures 
released by neutrophils upon stimulation and are composed 
primarily of double-stranded DNA, histones, and granular 
proteins such as neutrophil elastase (NE), myeloperoxidase 
(MPO), and tissue factors. NE constitutes one-third of the cyto-
plasmic proteins in NETs and is often used as an indirect indi-
cator of the degree of NET release [  15 ,  16 ]. In asthma models, 
NETs have been shown to participate in glucocorticoid resis-
tance by promoting the secretion of inflammatory factors such 
as IL-8 and IL-17, preventing dexamethasone (Dex) from 
alleviating airflow limitation and airway obstruction [  17 ,  18 ]. 
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However, the contribution of NETs to glucocorticoid resistance 
in COPD is still unclear.

   There are 2 forms of NETosis: suicidal lytic NETosis and 
vital NETosis [  19 ,  20 ]. While the classic NET inducer phorbol 
12-myristate 13-acetate (PMA) promotes reactive oxygen spe-
cies (ROS) generation and subsequently induces NET forma-
tion through the lysis of neutrophils [  21 ], CSE induces NET 
formation through the activation of AKT and peptidylarginine 
deiminase 4 (PADI4), and this type of NETosis is a form of 
vital NETosis that is independent of the ROS system [ 13 ,  22 ,  23 ]. 
In vital NETosis, the release of NETs does not disrupt the 
plasma membrane; rather, it involves the secretion of protein-
coated chromatin through vesicles, enabling neutrophils to 
survive and carry out additional functions [ 19 ]. The produc-
tion of NETs, particularly the formation of vital NETosis, 
requires the activation and recruitment of numerous viable 
neutrophils to exert continuous biological effects [ 20 ,  24 ]. 
However, neutrophils are short-lived cells, with a half-life of 
approximately 24 h in tissues [  25 ]. Therefore, the prolonged 
recruitment of neutrophils and the release of NETs in the air-
ways of COPD patients are inevitably due to neutrophils devel-
oping resistance to a specific form of cell death following 
exposure to cigarette smoke (CS). Mechanically, CS can induce 
ferroptosis in airway epithelial cells [  26 ]; however, its effects 
on neutrophils have not been thoroughly investigated. In infla
mmatory cells, resistance to ferroptosis leads to the sustained 
activation of neutrophils and increased proinflammatory activ-
ity, thereby exacerbating the negative effects of inflammation 
on the body. It is worth investigating whether CS-induced NET 
formation is related to neutrophil ferroptosis resistance and how 
abnormal NET formation is associated with glucocorticoid 
resistance in COPD.

   In vitro studies have demonstrated that CSE can sustain 
neutrophil activity by promoting AKT phosphorylation and 
inhibiting the production of ROS [ 13 , 23 ]. Ferroptosis, which 
is also closely associated with ROS, is characterized by the 
peroxidation of membrane phospholipids due to the genera-
tion of ROS [  27 ,  28 ]. The inhibition of ROS by CSE may 
contribute to ferroptosis resistance in neutrophils, thereby 
sustaining their continuous activation and promoting the 
release of NETs. Glutathione peroxidase 4 (GPX4) is consid-
ered a key protein in the negative regulation of ferroptosis 
and is capable of reducing lipid hydroperoxides, preventing 
ROS accumulation and protecting neutrophils from ferrop-
tosis [  29 ,  30 ]. We hypo thesize that CS exposure sustains the 
release of vital NETosis by inducing neutrophil ferroptosis 
resistance. Additionally, targeting GPX4-mediated neutrophil 
ferroptosis resistance may help inhibit NET formation and 
alleviate glucocorticoid resistance.   

Results

Abundant NETs formed in COPD patients and were 
associated with glucocorticoid resistance
   Clinical samples were collected from 10 healthy controls and 
10 COPD patients with severe pulmonary dysfunction. COPD 
patients meet the inclusion criteria for the GOLD D group, 
specifically those who experienced more than 2 moderate 
exacerbations or 1 hospitalization in the past 1 year [ 1 ]. 
COPD patients selected for inclusion did not include indi-
viduals with lung cancer, bilateral multilobular bronchiecta-
sis, or severe infections. The patient details are presented in 

Table  S1 . The COPD patients were treated with beta-agonists 
and muscarinic antagonists combined with inhaled cortico-
steroids (ICSs), specifically 4 mg of inhaled salbutamol, 0.5 mg 
of ipratropium bromide, and 2 mg of inhaled budesonide 3 times 
daily for 5 d. The effectiveness of glucocorticoid treatment 
was subsequently evaluated via the COPD Assessment Test 
score: patients with a score of less than 10 were included in 
the glucocorticoid-sensitive (GC-sensitive) group (n = 4), 
whereas those with a score greater than 10 were included 
in the glucocorticoid-resistant (GC-resistant) group (n = 
6). All 6 patients in the GC-resistant group were long-term 
heavy smokers, suggesting that CS, a common causative 
factor of COPD, might substantially contribute to glucocor-
ticoid resistance.

   Human peripheral blood neutrophils were isolated and divided 
into 4 groups: the control group (neutrophils from healthy indi-
viduals), healthy subject + PMA group (neutrophils from healthy 
individuals treated with 30 ng/ml PMA), GC-sensitive COPD + 
PMA group (neutrophils from GC-sensitive COPD patients 
treated with 30 ng/ml PMA), and GC-resistant COPD + PMA 
group (neutrophils from GC-resistant COPD patients treated with 
30 ng/ml PMA). SYTOX Green staining revealed that NET forma-
tion was most pronounced in the GC-resistant group (Fig.  1 A). 
The expression of the NET formation marker citrullinated histone 
H3 (CitH3) in peripheral blood neutrophils was significantly 
greater in GC-resistant patients than in healthy subjects and 
GC-sensitive patients. Moreover, the expression of CitH3 was 
negatively correlated with the expression of GRα and HDAC2 
(Fig.  1 B and C). In COPD patients, the expression of IL-8, an 
indicator of glucocorticoid resistance [  31 ,  32 ], was positively 
correlated with the expression of NE, a marker associated with 
NET formation (Fig.  1 D). The levels of both markers were nega-
tively correlated with the forced expiration volume in 1 s pre-
dicted values (FEV1% pred) (Fig.  1 E and F). These findings 
indicate that NET formation in COPD patients is closely related 
to glucocorticoid resistance and that glucocorticoid resistance-
related NETosis contributes to a decline in lung function. Then, 
peripheral blood neutrophils from healthy individuals were 
divided into 4 groups: the control group, the PMA group (stim-
ulated with 30 ng/ml PMA), the 2% CSE group (stimulated 
with 2% CSE), and the 1% CSE group (stimulated with 1% 
CSE). We found that CS, a common contributor to COPD 
development, induced NET formation in peripheral blood neu-
trophils, similarly to PMA (Fig.  1 G and H). Next, we conducted 
further studies to explore the effect of CS on NET formation 
and glucocorticoid resistance in COPD through in vivo and 
in vitro experiments.           

The formation of NETs increased with prolonged 
exposure to CS in COPD model mice
   Western blotting analysis revealed that the expression levels 
of CitH3 and PADI4 in the lung tissues of mice gradually 
increased with prolonged CS exposure (Fig.  2 B and C). 
Immunofluorescence staining of lung tissues revealed that the 
expression of CitH3, an important marker of NET formation, 
and Ly6G, a marker of neutrophil aggregation, increased with 
prolonged CS exposure (Fig.  2 D to F). The serum level of 
NE in the mice gradually increased with prolonged CS 
exposure, as determined by enzyme-linked immunosorbent 
assay (ELISA) (Fig.  2 G). The above results confirmed that the 
formation of NETs in mice gradually increased with prolonged 
CS exposure.           

https://doi.org/10.34133/research.0751


Wang et al. 2025 | https://doi.org/10.34133/research.0751 3

Fig. 1. Abundant neutrophil extracellular traps (NETs) formed in chronic obstructive pulmonary disease (COPD) and were associated with glucocorticoid resistance. (A) Neutrophils 
were stained with SYTOX Green 8 h later (scale bar, 20 μm). (B and C) Western blotting of neutrophils isolated from the peripheral blood of healthy subjects, glucocorticoid-sensitive 
(GC-sensitive) COPD, and glucocorticoid-resistant (GC-resistant) COPD patients (n = 4). (D) Correlation analysis of serum IL-8 and neutrophil elastase (NE) levels in COPD 
patients was performed (n = 10). (E) Correlation analysis of the forced expiration volume in 1 s predicted values (FEV1% pred) and serum IL-8 in COPD patients was conducted 
(n = 10). (F) Correlation analysis of FEV1% pred and serum NE in COPD patients was conducted (n = 10). (G) Giemsa staining was performed (scale bar, 20 μm). (H) Results of 
immunofluorescence staining. Statistical analysis: The data are presented as mean ± SD. Differences were assessed via one-way analysis of variance (ANOVA), followed by Tukey’s 
post hoc test for significance. Pearson’s correlation tests were conducted for correlation analyses (D to F). P < 0.05 indicates a significant difference. *P < 0.05 compared with 
the control group; #P < 0.05 compared with the GC-resistant COPD group. PMA, phorbol 12-myristate 13-acetate; CitH3, citrullinated histone H3; HDAC2, histone deacetylase 
2; GR, glucocorticoid receptor; CSE, cigarette smoke extract; DAPI, 4′,6-diamidine-2′-phenylindole dihydrochloride.
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Fig. 2. The formation of NETs increased with prolonged exposure to cigarette smoke (CS) in COPD model mice. (A) Schematic diagram of COPD mouse model construction and 
treatment methods. (B and C) The levels of CitH3 and peptidylarginine deiminase 4 (PADI4) in the lung tissues of mice exposed to CS for different durations were measured 
using western blotting (n = 3). (D) Representative immunofluorescence results demonstrating CitH3 and Ly6G staining in the lung tissues of mice exposed to CS for varying 
durations (scale bar, 20 μm). (E and F) Mean fluorescence intensity (MFI) of CitH3 and Ly6G in the lung tissues of mice (n = 3). (G) Enzyme-linked immunosorbent assay 
(ELISA) was used to measure serum NE levels in mice exposed to CS for different durations (n = 5). Statistical analysis: The data are presented as mean ± SD. Differences 
were assessed via one-way ANOVA, followed by Tukey’s post hoc test for significance. P < 0.05 indicates a significant difference. *P < 0.05 compared with the control group. 
LPS, lipopolysaccharide; Dex, dexamethasone; DNase I, deoxyribonuclease I.
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Long-term exposure to CS induced glucocorticoid 
resistance in a mouse model of COPD
   Mice were exposed to CS for various durations and treated with 
or without Dex. We found that with prolonged exposure to CS, 
there was an increase in inflammatory cell infiltration and the 
release of inflammatory factors, leading to aggravated lung tis-
sue damage. Dex treatment alleviated lung damage caused by 
short-term CS exposure (0.5 months) but failed to mitigate 
lung damage caused by long-term CS exposure (2 months) (Fig. 
 3 A to E). The expression of GRα and HDAC2 decreased with 
prolonged CS exposure (Fig.  3 F and G). In contrast, the expres-
sion of CXCL1, a homologous gene of IL-8 in mice, increased 
with prolonged CS exposure (Fig.  3 H). These results suggested 
that prolonged CS exposure induced glucocorticoid resistance 
in COPD model mice.           

Targeting CS-induced NETs rescued glucocorticoid 
resistance in COPD
   To investigate NETs’ role in glucocorticoid resistance, we estab-
lished 4 experimental groups: the control group, the COPD 
group (exposed to CS for 2 months), the Dex group (COPD + 
1 mg/kg Dex every 2 d, intraperitoneal), and the Dex+DNase 
I group (COPD + Dex + 5 mg/kg deoxyribonuclease I [DNase I] 
every 2 d, intraperitoneal). Notably, DNase I co-administration 
with Dex significantly decreased CitH3 and PADI4 expression 
while up-regulating HDAC2 and GRα compared to Dex mono-
therapy (Fig.  4 A and B), indicating that NET degradation restored 
glucocorticoid sensitivity in CS-induced COPD. Furthermore, 
the combination therapy attenuated CS-induced lung pathol-
ogy and inflammatory responses (Fig.  4 C to F).           

Exposure to CSE sustained the activation and 
release of inflammatory mediators by inducing 
ferroptosis resistance in neutrophils
   Neutrophils are terminally differentiated cells lacking prolifera-
tive capacity, with their viability gradually declining after isola-
tion. A significant decrease was observed at 16 h, exhibiting a 
half-life of approximately 24 h (Fig.  5 A and Fig.  S2 ). Neutrophil 
viability was detected after 8-h stimulation with various CSE 
concentrations (Fig.  5 B). Compared to the control group, CSE 
exposure enhanced neutrophil survival, peaking at 2% CSE. 
This finding presents a paradox: CSE is extensively documented 
to reduce the viability of Beas-2B cells (a bronchial epithelial 
cell line central to COPD research), and our prior study con-
firmed 2% CSE as a relatively high cytotoxic dose that could 
cause significant damage to Beas-2B cells [  33 ]. Interestingly, 
2% CSE improved neutrophil viability in this study. However, 
higher concentrations (e.g., 3% CSE) not only failed to enhance 
viability but caused a slight reduction versus the control group, 
possibly attributable to the toxic components (e.g., heavy metals, 
nitrosamines, and aldehydes) in CSE exerting cellular damage 
at excessive doses. We also found that 2% CSE exposure inhib-
ited ROS production in neutrophils (Fig.  5 C). Furthermore, as 
neutrophil activity increased, the release of inflammatory factors 
and NETs also increased (Fig.  S3 ). We subsequently performed 
RNA sequencing analysis to explore the mechanism through 
which CSE inhibits neutrophil death. A total of 16,719 genes 
were analyzed, and we found that 280 genes were up-regulated 
and 310 genes were down-regulated following CSE exposure. 
The results from the transcriptome sequencing, violin plot, 
sample correlation, and sample principal component analysis 

indicated significant differences among the groups of sequenc-
ing data, with good reproducibility (Fig.  S4 ). The volcano plot 
revealed a significant up-regulation of inflammation-related 
and ferroptosis-related genes following CSE exposure (Fig.  5 D). 
Figure  5 E shows the top 15 pathways in which the up-regulated 
genes were enriched, and the results suggested that CSE pro-
moted the up-regulation of ferroptosis-related genes in neutro-
phils. We hypothesize that exposure to CSE induced neutrophils 
to develop resistance to ferroptosis, thereby sustaining their 
persistent activation and promoting the release of inflammatory 
mediators. We subsequently conducted further in vitro valida-
tion experiments using the ferroptosis inducer RSL3.        

   To further elucidate the effect of CSE on neutrophil ferrop-
tosis, we stimulated neutrophils with the ferroptosis inducer 
RSL3. As the concentration of RSL3 gradually increased, the 
viability of neutrophils gradually decreased. At a concentration 
of 0.8 μM RSL3, neutrophil activity decreased to approximately 
50%. However, neutrophils treated with 2% CSE showed a rela-
tively high viability in response to RSL3 stimulation compared 
to the control group (Fig.  5 F). Then, neutrophils were divided 
into 3 groups: the control group, 0.4 μM RSL3 group, and 
0.4 μM RSL3 + 2% CSE treatment group. Eight hours later, the 
cells were collected, and the lipid peroxide levels were measured 
via a Liperfluo assay. We found that CSE exposure reversed the 
increase in lipid peroxidation levels induced by RSL3 in neu-
trophils (Fig.  5 G). The western blotting results demonstrated 
that CSE exposure increased GPX4 expression and decreased 
transferrin receptor (TFR) expression in neutrophils follow-
ing RSL3 stimulation (Fig.  5 H and I). FerroOrange staining 
revealed that CSE exposure reversed the elevation of intracel-
lular Fe2+ levels induced by RSL3 (Fig.  5 J). Subsequently, we 
isolated neutrophils from the peripheral blood of healthy, 
COPD GC-sensitive, and COPD GC-resistant individuals and 
mice with different durations of CS exposure and analyzed 
ferroptosis-related proteins using western blot. We found that 
compared to that in the healthy control group, the nuclear factor 
erythroid 2-related factor 2 (Nrf2)/solute carrier family 7 member 
11 (SLC7A11)/GPX4 pathway was significantly up-regulated 
in COPD patients, with the most notable increase observed in 
the COPD GC-resistant group. In the COPD model mice, Nrf2, 
SLC7A11, and GPX4 gradually increased with prolonged expo-
sure to CS (Fig.  5 K and L). These results suggested that CS 
exposure induced ferroptosis resistance in neutrophils.   

RSL3 inhibited NET formation and increased 
glucocorticoid sensitivity in vitro
   Pathway enrichment analysis indicated that CSE significantly 
up-regulated genes associated with ferroptosis in neutrophils. 
Then, we performed quantitative real-time polymerase chain 
reaction (qPCR) analysis on the relevant genes (Fig.  6 A to I). 
Our previous research has confirmed that the Nrf2/SLC7A11/
GPX4 pathway plays a crucial role in activating antioxidant 
stress genes (such as HMOX1 and NQO1) and inhibiting fer-
roptosis [  34 ,  35 ]. The qPCR results in this study revealed that 
CSE exposure activated the Nrf2/SLC7A11/GPX4 pathway in 
neutrophils and promoted the expression of downstream anti-
oxidant factors, including GCLC, GCLM, NQO1, and HMOX1 
(Fig.  6 A to G). Hosseinzadeh et al. [ 13 ] reported that nicotine-
induced NET formation depends on AKT and PADI4 activa-
tion. We hypothesize that CSE mediates neutrophil ferroptosis 
resistance by promoting AKT phosphorylation and activating 
the Nrf2/SLC7A11/GPX4 pathway. We confirmed this hypothesis 
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Fig. 3. Long-term CS exposure induced glucocorticoid resistance in a mouse model of COPD. Mice were exposed to CS for different durations and treated with or without 
Dex. (A) Giemsa staining was used to observe inflammatory cell infiltration in bronchoalveolar lavage fluid (BALF; yellow arrow: neutrophils; black arrows: macrophages; 
scale bar, 50 μm.) (B to D) ELISA was used to measure the levels of inflammatory factors in BALF (n = 5). (E) Hematoxylin and eosin (HE) staining was used to assess lung 
tissue damage (scale bar, 50 μm; n = 3). (F and G) Western blotting was used to measure HDAC2 and glucocorticoid receptor α (GRα) levels in mouse lung tissues (n = 3). 
(H) ELISA was performed to measure CXCL1 levels to assess glucocorticoid resistance in mice (n = 5). Statistical analysis: The data are presented as mean ± SD. Differences 
were assessed via one-way ANOVA, followed by Tukey’s post hoc test for significance. P < 0.05 indicates a significant difference. *P < 0.05 compared with the control group;  
#P < 0.05 compared with the CS model group; NS, not significant.
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through western blotting (Fig.  6 J and K). Neutrophils from the 
peripheral blood of healthy individuals were divided into 3 groups: 
the control group, the 2% CSE exposure group, and the 2% CSE + 
10 μM LY294002 group. After 8 h of treatment, the cells were 
collected for western blotting. We found that simultaneous 
treatment of neutrophils with CSE and LY294002 inhibited 
AKT phosphorylation and down-regulated the expression of 
Nrf2, SLC7A11, and GPX4 (Fig.  6 J and K). Additionally, we 
found that CSE promoted the expression of FTH1 and FTL in 
neutrophils (Fig  6 H and I). Recent studies have found that fer-
ritin, composed of FTH1 and FTL, plays a significant role in 
activating neutrophils to generate NETs by promoting PADI4 
[  36 ,  37 ]. In summary, CSE stimulated the expression of genes 
related to antioxidant stress in neutrophils, thereby maintaining 
their activity. Additionally, it promoted the release of ferritin, 
which induced an increase in PADI4 expression. Ultimately, 
CSE promoted the formation of “vital” NETs in neutrophils 
through resistance to ferroptosis.        

   We further investigated the relationships among CSE-induced 
ferroptosis resistance, NET formation, and glucocorticoid resis-
tance in neutrophils. Although there was research [  38 ] about Dex 

(1 μM) being able to inhibit the expression of PADI4 in inflam-
matory cells, we found that CSE stimulation decreased the 
sensitivity of neutrophils to Dex in vitro. After NETs had been 
eliminated using DNase I, the sensitivity of neutrophils to Dex 
was restored in vitro (Fig.  6 L and M). Furthermore, we found 
that the induction of ferroptosis by an AKT phosphorylation 
inhibitor or a GPX4 inhibitor suppressed CSE-induced NET 
formation and increased glucocorticoid sensitivity in neutro-
phils (Fig.  6 N and O). That is to say, inducing ferroptosis in 
neutrophils can inhibit the formation of NETs and increase 
glucocorticoid sensitivity.   

Neutrophil-specific GPX4 knockout alleviated 
neutrophil infiltration and suppressed the formation 
of NETs in COPD model mice
   We subsequently used neutrophil-specific GPX4 knockout 
(GPX4-cko) mice to investigate the effects of prolonged CS 
exposure on NET formation after the correction of neutro-
phil ferroptosis resistance in COPD. Both GPX4 f/f and 
GPX4-cko mice were divided into 3 experimental groups: 

Fig. 4. NETs played a vital role in glucocorticoid resistance in COPD. (A and B) Western blotting was used to measure NET formation and the levels of glucocorticoid-sensitivity-
related proteins in mouse lung tissues (n = 3). (C) HE staining was utilized to evaluate lung injury in mice (scale bar, 50 μm; n = 3). (D to F) Inflammatory factor levels in BALF 
were measured by ELISA (n = 5). Statistical analysis: The data are presented as mean ± SD. Differences were assessed via one-way ANOVA, followed by Tukey’s post hoc test 
for significance. P < 0.05 indicates a significant difference. *P < 0.05 compared with the control group; #P < 0.05 compared with the COPD model group; NS, not significant. 
Dex+DNase I, COPD + Dex + 5 mg/kg DNase I every 2 d, intraperitoneal.
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Fig. 5. Exposure to CSE sustained neutrophil activation by inducing ferroptosis resistance in vitro. (A and B) Cell viability was evaluated via a Cell Counting Kit-8 (CCK-8) 
assay (n = 3). (C) Neutrophils were divided into 2 groups: the control group and the 2% CSE exposure group. The reactive oxygen species (ROS) levels in the 2 groups were 
compared after 16-h isolation in vitro (scale bar, 20 μm). (D) Volcano plot of the RNA sequencing (RNA-seq) data. (E) The top 15 pathways in which the up-regulated genes 
were enriched. (F) Cell viability was measured by a CCK-8 assay (n = 3). (G) Lipid peroxide levels were measured via a Liperfluo assay (scale bar, 20 μm). (H and I) Western 
blotting was used to measure the expression of glutathione peroxidase 4 (GPX4) and transferrin receptor (TFR) in neutrophils (n = 3). (J) FerroOrange staining was used to 
detect Fe2+ in neutrophils (scale bar, 20 μm). (K and L) The nuclear factor erythroid 2-related factor 2 (Nrf2)/solute carrier family 7 member 11 (SLC7A11)/GPX4 pathway 
was detected in neutrophils isolated from the peripheral blood of humans and mice. Statistical analysis: The data are presented as mean ± SD. Differences were assessed via 
one-way ANOVA, followed by Tukey’s post hoc test for significance. P < 0.05 indicates a significant difference. *P < 0.05 compared with the control group; #P < 0.05 compared 
with the RSL3 model group. FDR, false discovery rate; FC, fold change; COPD-S, COPD GC-sensitive; COPD-R, COPD GC-resistant.
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the control group, COPD group (exposed to CS for 2 months), 
and Dex group (exposed to CS for 2 months and administered 
Dex at a dose of 1 mg/kg every 2 d by intraperitoneal injection). 
Upon prolonged CS exposure, the number of inflammatory 
cells in the bronchoalveolar lavage fluid (BALF) was reduced 

in GPX4-cko mice compared to that in GPX4 f/f mice, and Dex 
treatment significantly decreased neutrophil infiltration in 
GPX4-cko mice (Fig.  7 A and B). Compared with GPX4 f/f 
mice, GPX4-cko COPD mice exhibited lower NET formation 
in lung tissues. Furthermore, Dex treatment markedly inhibited 

Fig. 6. RSL3 inhibited NET formation and improved glucocorticoid resistance in vitro. (A to I) The effect of 2% CSE exposure on the expression of genes related to ferroptosis in 
neutrophils was assessed by quantitative real-time polymerase chain reaction (qPCR). (J and K) Westen blotting results of phosphorylation AKT and the Nrf2/SLC7A11/GPX4 
pathway. (L and M) Neutrophils isolated from the peripheral blood of healthy individuals were divided into 4 groups: the control group, 2% CSE exposure group, Dex group 
(2% CSE + 1 μM Dex), and Dex+DNase I group (2% CSE + 1 μM Dex + 0.1 mg/ml DNase I). After 8 h of treatment, the cells were collected, and the expression levels of PADI4, 
CitH3, HDAC2, and GRα were compared using western blotting. (N and O) Neutrophils were divided into 4 groups: the control group, 2% CSE exposure group, Dex+LY294002 
group (2% CSE + 1 μM Dex + 10 μM LY294002), and Dex+RSL3 group (2% CSE + 1 μM Dex + 0.4 μM RSL3). After 8 h of treatment, the cells were collected, and the expression 
levels of peptidylarginine deiminase 4 (PADI4), CitH3, HDAC2, and GRα were compared using western blotting. Statistical analysis: The data are presented as mean ± SD. 
Differences were assessed via one-way ANOVA, followed by Tukey’s post hoc test for significance. P < 0.05 indicates a significant difference. *P < 0.05 compared with the 
control group; #P < 0.05 compared with the CSE model group; NS, not significant. mRNA, messenger RNA.
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NET formation in GPX4-cko COPD model mice, whereas it 
had a weak effect on NET formation in GPX4 f/f COPD mice 
(Fig.  7 C to H). Specifically, following Dex treatment, the 

expression levels of PADI4 and CitH3 in the lung tissues of 
GPX4-cko COPD mice decreased (Fig.  7 C and D), serum NE 
levels declined (Fig.  7 E), and immunofluorescence analysis 

Fig. 7. Neutrophil-specific GPX4 knockout alleviated neutrophil infiltration and suppressed the formation of NETs in COPD mice. (A) Giemsa staining results of BALF obtained 
from GPX4 f/f and GPX4-cko mice (yellow arrow: neutrophils; black arrows: macrophages. scale bar, 50 μm.). (B) Neutrophil counts in the BALF of GPX4 f/f and GPX4-cko mice 
(n = 5). (C and D) Western blotting of PADI4 and CitH3 expression in the lung tissues of GPX4 f/f and GPX4-cko mice (n = 3). (E) Measurement of serum NE levels in GPX4 
f/f and GPX4-cko mice by ELISA (n = 5). (F and G) MFIs of CitH3 and Ly6G in the lung tissues of mice (n = 3). (H) Representative immunofluorescence results for CitH3 and 
Ly6G in the lung tissues of GPX4 f/f and GPX4-cko mice (scale bar, 20 μm). Statistical analysis: The data are presented as mean ± SD. Differences were assessed via one-way 
ANOVA, followed by Tukey’s post hoc test for significance. P < 0.05 indicates a significant difference. *P < 0.05 compared with the control group; #P < 0.05 compared with 
the COPD model group; NS, not significant.
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revealed reduced expression levels of CitH3 and Ly6G in lung 
tissues (Fig.  7 F to H).           

Neutrophil-specific GPX4 knockout increased 
glucocorticoid sensitivity in COPD
   After confirming that neutrophil-specific knockout of GPX4 
inhibited the formation of NETs in COPD mice, we further 
investigated its effect on the glucocorticoid sensitivity in COPD. 
Following Dex treatment, the GRα and HDAC2 levels in GPX4-
cko COPD model mice were significantly elevated, whereas 
serum CXCL1 levels decreased markedly; in contrast, in GPX4 
f/f COPD mice, the levels of these proteins were not significantly 
normalized after Dex treatment (Fig.  8 A to C). Neutrophil-
specific knockout of GPX4 increased glucocorticoid sensitivity 
in COPD model mice, as demonstrated by a significant reduc-
tion in lung damage in GPX4-cko COPD model mice (Fig.  8 D) 
and a marked decrease in the levels of inflammatory factors in 
the BALF after Dex treatment (Fig.  8 E to G).            

Discussion and Conclusion
   COPD is a chronic inflammatory airway condition primarily 
characterized by irreversible airflow obstruction. Although 

bronchodilators remain the first-line treatment for COPD, ICSs 
have become an important adjunct therapy for patients with 
severe lung function impairment because of their significant abil-
ity to suppress airway inflammation, reduce the frequency of 
acute exacerbations, and decrease mortality risk [ 1 ,  39 ]. According 
to the 2024 GOLD guidelines the use of the ICSs is recom-
mended for GOLD group C or D patients with eosinophil (EOS) 
counts ≥100 cells/μl [ 1 ]. In clinical practice, most COPD patients 
with an EOS count ≥300 cells/μl indeed respond well to ICSs; 
however, some COPD patients with a history of long-term smok-
ing and an EOS count between 100 and 300 cells/μl do not benefit 
from ICS treatment. Some heavy smokers demonstrate a poor 
response to glucocorticoids. Our study indicates that NET for-
mation induced by CS significantly contributes to glucocorticoid 
resistance. We found that the expression of NE, an indicator of 
NET formation, was positively correlated with IL-8 levels and 
negatively correlated with the FEV1%. Thus, we propose that NE 
levels could serve as a valuable reference indicator for glucocor-
ticoid resistance in patients with COPD.

   NET formation in the body acts as a “double-edged sword”: 
it can provide protection by reducing external pathogen stimu-
lation, but it may also amplify inflammation and cause tissue 
damage [ 19 ,  40 ]. Intracellular and extracellular microbes, as 

Fig. 8. Neutrophil-specific GPX4 knockout increased glucocorticoid sensitivity in COPD. (A and B) Western blotting of GRα and HDAC2 expression in the lung tissues of GPX4 
f/f and GPX4-cko mice (n = 3). (C) Measurement of serum CXCL1 levels in GPX4 f/f and GPX4-cko mice by ELISA (n = 5). (D) Representative images of HE staining results of 
lung tissues from GPX4 f/f and GPX4-cko mice (scale bar, 50 μm; n = 3). (E to G) Measurement of inflammatory markers in the BALF of GPX4 f/f and GPX4-cko mice by ELISA 
(n = 5). Statistical analysis: The data are presented as mean ± SD. Differences were assessed via one-way ANOVA, followed by Tukey’s post hoc test for significance. P < 0.05 
indicates a significant difference. *P < 0.05 compared with the control group; #P < 0.05 compared with the COPD model group; NS, not significant.
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well as physical and chemical stimuli, induce the formation of 
NETs, which prevent microbial spread to secondary sites and 
exert direct antibacterial effects [ 19 ]. However, excessive or 
inefficient degradation of NETs can harm the host, leading to 
uncontrolled inflammatory responses and immune dysregula-
tion [ 40 ]. Excessive formation of NETs has been shown to play 
an important role in glucocorticoid resistance in asthma 
[ 17 , 32 ]. Additionally, our study confirms that NETs also con-
tribute to glucocorticoid resistance in COPD. Studies have 
shown that CS damages airway epithelial cells, leading to exten-
sive recruitment of neutrophils that secrete various serine pro-
teases and inflammatory mediators, including NE and MPO, 
which promote NET formation [ 12 ,  41 ]. NETs can cause the 
recruitment of additional monocytes/macrophages and T helper 
17 cells, establishing a positive feedback loop that stimulates 
the release of substantial amounts of inflammatory mediators, 
including TNF-α, IL-17, IL-1β, IL-6, and IL-8 [ 41 –  43 ]. TNF-α 
inhibits GRα expression [  44 ]; IL-17 promotes GRβ up-regulation 
and suppresses HDAC2 expression [ 6 ,  45 ]; IL-1β activates the 
inflammatory pathway by up-regulating TLR2, which works in 
conjunction with glucocorticoid resistance [  46 ]; IL-6 down-
regulates the expression of GRα by disrupting the negative 
feedback regulation of the hypothalamic–pituitary–adrenal axis 
[  47 ]; and IL-8 can induce glucocorticoid resistance by influenc-
ing the phosphorylation of GRα at Ser211 [ 31 ]. In summary, 
neutrophil infiltration, NET formation, and the release of 
inflammatory factors reinforce each other, ultimately result-
ing in glucocorticoid resistance, which is consistent with our 
research findings. In our COPD animal model, long-term CS 
exposure caused increased neutrophil aggregation and NET 
formation, which caused a decrease in HDAC2 and an increase 
in IL-8 levels. Meanwhile, the decrease in HDAC2 further 
recruited more neutrophils, enhanced the release of NETs, and 
led to a further reduction in HDAC2, perpetuating a vicious 
cycle. Following the removal of NETs via DNase I, the sensitiv-
ity of COPD mice to Dex was restored, as indicated by reduced 
airway inflammation and alleviated lung tissue damage. These 
findings suggest that the formation of NETs plays an important 
role in glucocorticoid resistance in COPD.

   Consistent with previous research findings [ 13 ], we found 
that CSE promoted vital NETosis by stimulating PADI4 expres-
sion, independent of ROS. As noted by Ng et al.[ 25 ], neutro-
phils are short-lived cells. In vitro, we observed that the activity 
of neutrophils began to decline 16 h after isolation and decreased 
by 50% after 24 h. How are the long term-recruitment of short-
lived neutrophils to target organs and the release of substantial 
amounts of vital NETs achieved? At present, no definitive con-
clusion has been reached. Yang et al. [  48 ] suggested that exter-
nal stimuli induce the transformation of neutrophils into “aged” 
neutrophils, thereby prolonging their survival and maintaining 
their activity. Hosseinzadeh et al. [ 13 ] suggested that external 
stimuli promote AKT phosphorylation in neutrophils, thereby 
inhibiting apoptosis. In this study, we performed single-cell 
RNA sequencing and discovered that CSE induced neutrophil 
ferroptosis resistance. We found that CSE not only up-regulated 
the expression of inflammatory genes such as TNF-α, IL-1β, 
and IL-8 but also increased the expression of genes related to 
antioxidant stress and iron storage, specifically FTH1 and FTL, 
in neutrophils. Wang et al. [  49 ] reported that the up-regulation 
of FTH1 in neutrophils can reduce their susceptibility to oxida-
tive stress, increase their proinflammatory effects, and prolong 
their residence time in the lungs. Furthermore, recent research 

has shown that ferritin, composed of FTH1 and FTL, plays an 
important role in the release of inflammatory factors and the 
formation of NETs [ 37 ,  50 ]. This result is consistent with our 
findings that resistance to ferroptosis in neutrophils, resulting 
in increased ferritin, can induce inflammatory responses and 
NET formation. On the basis of these findings, we believe that 
CSE induces neutrophil ferroptosis resistance, which helps main-
tain cell viability and promotes ferritin synthesis. Together, these 
effects facilitate the continuous formation of “vital” NETs, 
mediating inflammatory responses that lead to lung tissue dam-
age and glucocorticoid resistance.

   The Nrf2/SLC7A11/GPX4 pathway is the most well-known 
classic pathway for resisting ferroptosis and can be activated 
by AKT phosphorylation [ 27 ,  51 ]. In our study, we confirmed 
the results of pathway enrichment analysis showing that CSE 
activates the Nrf2/SLC7A11/GPX4 pathway by promoting neu-
trophil AKT phosphorylation through qPCR and western blot-
ting. Research has shown that following AKT phosphorylation, 
Nrf2 is released from Keap1, which enhances its activity. This, 
in turn, facilitates the entry of Nrf2 into the nucleus and regu-
lates the expression of the downstream key ferroptosis core 
genes SLC7A11 and GPX4 [ 51 ,  52 ]. SLC7A11 transports cystine 
into the cells, where it serves as a precursor for the production 
of the antioxidant glutathione. GPX4 subsequently utilizes glu-
tathione to neutralize lipid ROS, thereby preventing ferroptosis 
[  53 ]. For inflammatory cells, resistance to ferroptosis has the 
same effect as enhanced proinflammatory effects and exacer-
bates the detrimental impact of inflammation on the body. In 
this study, we found that increased GPX4 transcription, inhibi-
tion of iron-dependent lipid peroxidation, restoration of cellular 
redox homeostasis, and reduced cell sensitivity to ferroptosis 
led to sustained neutrophil activation and promoted NET for-
mation, which affected the glucocorticoid response. We sub-
sequently used RSL3 in vitro and neutrophil-specific GPX4-cko 
mice in vivo to confirm that inhibiting neutrophil GPX4 expres-
sion can suppress NET formation, thereby increasing gluco-
corticoid sensitivity in COPD.

   We must acknowledge that although Liperfluo staining 
can detect lipid peroxides, it may also be influenced by other 
strong oxidants, such as hypochlorous acid produced by 
MPO in neutrophils and peroxynitrite. Therefore, the lack 
of specificity of Liperfluo staining for lipid peroxidation must 
be acknowledged.

   In conclusion, CS induces neutrophil ferroptosis resistance 
by promoting AKT phosphorylation and activating the Nrf2/
SLC7A11/GPX4 pathway, which sustains neutrophil activation, 
increases NET release and mediates the down-regulation of 
GRα and HDAC2, ultimately driving glucocorticoid resistance 
in COPD.   

Materials and Methods

Materials
   The cigarette used in this study was Hongtashan. Lipopo
lysaccharide (LPS), DNase I), PMA, LY294002 (specific inhibi-
tors of pAKT), and RSL3 were purchased from Sigma (St. Louis, 
MO, USA). Dex was purchased from Macklin (Shanghai, China). 
Cell Counting Kit-8 was from Life-iLab (Shanghai, China). Cell 
culture reagents were purchased from Zhongqiaoxinzhou Biotech 
(Shanghai, China). The Liperfluo probe was provided by Dojindo 
(Kyushu, Japan). The 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFH-DA) fluorescent probe and calcein/propidium iodide 
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(PI) cell viability/cytotoxicity assay kit were from Beyotime 
Biotechnology (Shanghai, China). The SYTOX staining kit 
was from X-Y Biotechnology (Shanghai, China). Human and 
mouse peripheral blood neutrophil isolation kits were from 
Solarbio (Beijing, China). Antibodies, including anti-Nrf2), 
anti-PADI4, anti-HDAC2, anti-β-actin, anti-GPX4, and anti-
TFR antibodies, were from Zenbio (Chengdu, China). Anti-
CitH3 and anti-SLC7A11 were provided by Abcam (Cambridge 
MA, USA). Anti-GRα and anti-HDAC2 were from ABclonal 
(Wuhan, China). Anti-phospho-AKT antibodies and anti-
AKT were provided by Cell Signaling Tech nology (Danvers, 
USA). The qPCR primers were synthesized by Comatebio 
(Jilin, China).   

Isolation and processing of primary neutrophils
   Following approval from the Ethics Committee of the First 
Hospital of Jilin University, human (consent was obtained) 
and mouse peripheral blood were collected, and primary 
neutrophils were isolated using peripheral blood neutrophil 
isolation kits. The purity of the extracted neutrophils was 
confirmed to be greater than 95% via Giemsa staining. 
Neutrophils isolated from peripheral blood were resuspended 
in RPMI 1640 medium supplemented with 10% fetal bovine 
serum and incubated at 37 °C with 5% CO2.   

Animal experiments
   The animal studies received approval from the First Hospital 
of Jilin University’s Ethics Committee. Wild-type C57BL/6 mice 
(6 to 8 weeks old; weight: 16 to 20 g) were provided by Qianhe 
Technology Industrial (Jilin, China). The COPD model was 
established by combining CS exposure with intranasal LPS 
administration based on our previous methods [ 33 ]: The PAB-
S200 animal passive smoking exposure system (Biolab Tech
nology, Beijing, China) was used to expose mice to CS. Three 
cigarettes were lit each session, exposure lasting 1 h, followed 
by a 2-h interval. This process was repeated 4 times daily, total-
ing 12 cigarettes per day. Additionally, on the 1st and 14th 
days of the experiment, LPS (10 μg/mouse) nasal drops were 
administered to the mice to enhance COPD model formation. 
Based on the duration of CS exposure and the administration 
of Dex treatment, the mice were divided into 8 groups, with 
10 mice per group: the control group, the 0.5-month CS group 
(CS exposure for 0.5 months), the 0.5-month Dex group (CS 
exposure for 0.5 months and treated with Dex at a dose of 1 mg/
kg every 2 d by intraperitoneal injection), the-1 month CS group 
(CS exposure for 1 month), the 1-month Dex group (CS expo-
sure for 1 month and treated with Dex), the 2-month CS group 
(CS exposure for 2 months), the 2-month Dex group (CS expo-
sure for 2 months and treated with Dex), and the Dex+DNase I 
group (CS exposure for 2 months and treated with both Dex and 
DNase I at a dose of 5 mg/kg every 2 d by intraperitoneal injec-
tion). The schematic diagram of COPD mouse model construc-
tion and treatment methods is shown in Fig.  2 A.   

Histological analysis
   Mouse lung tissues from distinct groups were fixed in 4% para-
formaldehyde for 48 h, after which the tissues were dehydrated 
and embedded in paraffin. The tissue sections (4 to 5 μm) were 
routinely stained with hematoxylin and eosin. The lung injury 
score was assessed using a semiquantitative scoring method as 
previously described [ 34 ]: Lung tissue damage was evaluated 

on a scale of 0 to 4 based on the percentage of injury: 0% to 
10% (score 0), 11% to 25% (score 1), 26% to 50% (score 2), 51% 
to 75% (score 3), and 76% to 100% (score 4).   

Immunofluorescence staining of lung tissues
   Paraffin sections (3 μm) from mouse lungs were deparaffinized 
in xylene. Antigen retrieval was subsequently performed by 
6-min pressure cooking in citrate buffer, followed by a 2.5% 
bovine serum albumin blocking step. Sections were incubated 
with anti-CitH3 and anti-Ly6G primary antibodies overnight 
at 4 °C. Following 3 washing steps, diluted biotinylated second-
ary antibodies were incubated at room temperature for 30 min. 
Subsequently, 4′,6-diamidine-2′-phenylindole dihydrochloride 
(DAPI) was used for nuclear staining. The normalized mean 
fluorescence intensity areas in lung sections were calculated 
using ImageJ.   

Analysis of BALF
   The BALF samples were obtained via endotracheal instillation 
of sterile phosphate-buffered saline (PBS). Following collection, 
the BALF was spun at 5,000 rpm for 5 min under 4 °C condi-
tions. The resulting supernatant was utilized for assessing 
inflammatory cytokines through ELISA. Meanwhile, the cell 
pellets were reconstituted in 200 μl of RPMI 1640 medium. 
Referring to previous studies [ 17 ], the total cell number in 
BALF was counted using a hemocytometer, while the number 
of neutrophils was determined in a total of 200 BALF cells after 
Wright–Giemsa staining.   

Wright–Giemsa staining
   The Giemsa staining method for mouse BALF was as follows: 
After mouse BALF was resuspended, 50 μl of RPMI 1640 was 
placed in the sample wells of a cytocentrifuge, and the cells 
were plated on slides via centrifugation. After methanol fixa-
tion, Giemsa staining solutions A and B (Baso, Wuhan, China) 
were sequentially added at a 1:3 ratio by volume. After 5 min, 
the staining solution was rinsed away with running water, and 
the samples were observed under a microscope.

   The steps for Giemsa staining of blood primary neutrophils 
were as follows: Neutrophils were first isolated from human 
and mouse peripheral blood and then plated at a density of 
2 × 106 cells per well onto poly-l-lysine-coated coverslips 
in a 24-well plate. After experimental treatments, the cells 
were subjected to Giemsa staining following an 8-h incuba-
tion period.   

Detection of inflammatory markers
   The levels of human IL-8 (MLbio, Shanghai, China), human 
NE (MLbio, Shanghai, China), mouse CXCL1 (MLbio, 
Shanghai, China), mouse TNF-α, mouse IL-6, and mouse IL-1β 
(BioLegend, CA, USA) in serum, BALF, or the culture medium 
of cells were analyzed by commercial ELISA kits.   

Identification and breeding of mice with  
neutrophil-specific GPX4 deletion
   The Cre/loxP system was used to generate S100a8-Cre+GPX4flox/flox 
mice, referred to as GPX4-cko mice, enabling lineage-specific 
deletion of GPX4 exclusively in neutrophils [  54 ]. C57BL/6J-
GPX4em1Cflox/Cya (referred to as GPX4 f/f) and S100a8-Cre-
EGFP mice were purchased from Cyagen (Jiangsu, China). Tail 
samples were collected, and DNA was extracted via the Mouse 
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Direct PCR Kit (Selleck, Houston, USA). Polymerase chain 
reaction (PCR) was then performed using the following prim-
ers for GPX4flox/+: F1: 5′-CTGGTAGCATATTCTAGGGGTGT-3′; 
R1: 5′-GAAGAATCCGGTGCCAAAGAAAG-3′. The PCR primers 
for S100a8-Cre-EGFP were as follows: F1: 5′-CATCTGCT
GGTTTGGTTATTTGGAG-3′; R1: 5′-CTTGCGAACCTCA
TCACTCGTTG-3′. The genotypes of the mice were then 
determined through nucleic acid agarose gel electrophoresis. 
A 200-bp band indicates a GPX4 homozygote, a 131-bp band 
indicates wild type, and the presence of both 300- and 200-bp 
bands indicates a GPX4 heterozygote (Fig.  S1 A). The presence 
of a 277-bp band indicates S100a8-Cre (Fig.  S1 B).

   First, F1 heterozygous GPX4 flox/+ mice were bred to produce 
F2 homozygous Gpx4flox/flox mice. The F2 generation was then 
mated with S100a8-Cre to obtain the F3 generation, and finally, 
F3 was mated with F2 to produce the F4 generation of neutro-
phil-specific GPX4 knockout mice (Fig.  S1 C). Western blot 
analysis verified a marked decrease in GPX4 protein levels in 
blood neutrophils obtained from GPX4-cko compared to those 
in GPX4 f/f (Fig.  S1 D and E).   

Preparation of CSE
   The preparation of CSE was based on our team’s previous 
method [  55 ]. Briefly, CS was extracted using a peristaltic 
pump, and the smoke from one cigarette was passed through 
10 ml of RPMI 1640 medium to generate 10% CSE.   

Cell treatment and cell viability
   Various stimuli were applied to the cells, with the concentra-
tions used and references listed below: CSE, 2% [ 11 ]; RSL3, 
0.4 μM; LY294002, 10 μM [  56 ]; DNase I, 0.1 mg/ml [ 11 ]; 
and Dex, 1 μM [  57 ]. The cells were plated at a density of 5 × 105 
cells per well in a 96-well plate and subjected to various treat-
ments. After 8 h, cell viability was assessed using a Cell Counting 
Kit-8 assay.   

Calcein/PI cell viability/cytotoxicity staining
   Neutrophils isolated from the peripheral blood of healthy indi-
viduals were divided into 2 groups: the control group and the 
2% CSE stimulation group. Neutrophils (2 × 106 cells per well) 
were seeded onto poly-l-lysine-coated coverslips and placed 
in a 24-well plate. Calcein/PI staining (diluted 1,000-fold) was 
added to each well to assess cell survival and death in the 2 groups 
at 8, 16, and 24 h post-isolation.   

SYTOX Green staining
   Neutrophils (2 × 106 cells per well) isolated from healthy sub-
jects, as well as GC-sensitive and GC-resistant COPD patients, 
were stimulated with PMA at a final concentration of 30 ng/
ml, seeded onto poly-l-lysine-coated coverslips, and placed in 
a 24-well plate. Following 8-h incubation, 1 μM SYTOX Green 
was added to observe double-stranded DNA levels. Fluorescence 
was recorded with excitation wavelengths set at 502 nm and 
emission wavelengths at 525 nm.   

ROS levels
   Neutrophils (2 × 106 cells per well) were seeded onto poly-
﻿l-lysine-coated coverslips and placed in a 24-well plate, incu-
bated at 37 °C with RPMI 1640 medium. After 16 h, 0.5 μM 
DCFH-DA was added to each well. ROS levels were observed 
with a fluorescence microscope.   

Lipid peroxidation detection
   Neutrophils (1 × 107 cells per well) were stimulated with RSL3 
(0.4 μM), treated with or without 2% CSE and cultured in 
20-mm poly-l-lysine-coated glass-bottom dishes for 8 h. The 
level of lipid peroxidation was detected by a Liperfluo staining 
assay kit. The cells were incubated with the probe Liperfluo 
(1 μM) at 37 °C for 30 min, followed by 3 washes with PBS. 
Lipid peroxidation levels were assessed using confocal micros-
copy (Olympus FV3000, Japan).   

FerroOrange staining
   Neutrophils (1 × 107 cells per well) were stimulated with RSL3 
(0.4 μM), treated with or without 2% CSE and cultured in 
20-mm poly-l-lysine-coated glass-bottom dishes for 8 h. The 
levels of Fe2+ in the cells were assessed via a FerroOrange 
staining assay kit. The cells were incubated with the probe 
FerroOrange (1 μM) at 37 °C for 30 min. Fe2+ levels were 
assessed using confocal microscopy (Olympus FV3000, Japan).   

Immunofluorescence staining of cells
   Neutrophils (2 × 106 cells per well) were seeded onto poly-l-ly-
sine-coated coverslips and placed in a 24-well plate. The cells 
were treated with different stimuli (30 ng/ml PMA, 1% CSE, or 
2% CSE). After 8 h, immunofluorescence staining was per-
formed. The immunofluorescence staining procedure was as 
follows: First, the cells were fixed with 4% paraformaldehyde fix 
solution at 4 °C for 20 min, followed by permeabilization with 
0.5% Triton X-100 at room temperature for 10 min. The cells 
were then blocked with 5% bovine serum albumin at room tem-
perature for 30 min. Afterward, 200 μl of a 1:100 dilution of 
anti-CitH3 primary antibody was added, and the cells were incu-
bated at 4 °C overnight. On the following day, the corresponding 
secondary antibody was added and incubated at room tempera-
ture for 1 h. Finally, DAPI was used to stain the nuclei for 15 min, 
and images were taken using a fluorescence microscope.   

Single-cell RNA sequencing analysis
   Neutrophils obtained from healthy donors were randomly 
assigned to either a control group or a 2% CSE-exposed group 
(n = 3 per group). Following 8 h of treatment, cells were har-
vested for transcriptomic profiling. RNA extraction was per-
formed using the TRIzol reagent kit (ABclonal, Wuhan, China), 
with subsequent sequencing conducted on the NovelCyto v1.0 
platform. Quality control of raw sequencing data was per-
formed using FAST-QC, which evaluated nucleotide distribution, 
sequencing quality metrics, GC content, and k-mer frequency. 
Gene expression levels were quantified using reads per kilobase 
per million mapped reads). Differentially expressed genes were 
defined as those exhibiting a fold change >1.5 with a false dis-
covery rate (FDR)-adjusted P value <0.05. Visualization of gene 
expression patterns was achieved through the generation of 
volcano plots and heatmaps based on fragments per kilobase 
per million values. Functional enrichment analysis was con-
ducted to identify significantly altered pathways, with statistical 
significance determined by Fisher’s exact test (FDR <0.05 con-
sidered significant).   

Quantitative real-time PCR
   Neutrophil total RNA was isolated using an RNA extraction kit 
(Baidai Biotechnology, Changzhou, China). RNA quality was 
verified by measuring the 260/280 ratio on a NanoDrop 
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spectrophotometer. For complementary DNA synthesis, 1 μg of 
RNA was reverse-transcribed using an All-in-One RT system 
(ToloBio, Shanghai, China). quantitative reverse transcription 
PCR was then performed with a Q3 SYBR qPCR master mix 
(ToloBio) on a LightCycler 96 system (Roche). The level of each 
transcript was normalized to the β-actin transcript level and was 
calculated using the 2−∆Ct method (∆Ct = Ct(gene of interest) − Ctβ-actin). 
Primer sequences are listed in Table  S2 .   

Western blotting analysis
   Total protein was extracted from lung tissues or cells using radio-
immunoprecipitation assay lysis buffer. Protein concentrations 
were determined by bicinchoninic acid assay, and equal amounts 
(20 μg per lane) were resolved by 12.5% sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride membranes. After blocking, membranes 
were probed overnight at 4 °C with primary antibodies. 
Following PBS with Tween 20 washes, horseradish peroxidase-
conjugated secondary antibodies were applied. Protein bands 
were visualized using enhanced chemiluminescence, with 
β-actin as the loading control. Band intensities were quantified 
using the ImageJ software.   

Statistics
   Data are represented as mean ± standard deviation (SD). For 
comparisons involving 2 groups, the normality of data was 
checked using the Shapiro–Wilk test; datasets that followed a 
normal distribution were evaluated using t tests, while non-
normal datasets were analyzed using Mann–Whitney U tests. 
For comparisons involving multiple groups, one-way analysis 
of variance, followed by Tukey’s post hoc test, was employed. 
Pearson’s correlation tests were conducted for correlation 
analysis. P < 0.05 indicates a significant difference. We used 
GraphPad Prism 8 for statistical analysis.    
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