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ARTICLE INFO ABSTRACT
Keywords: Chronic obstructive pulmonary disease (COPD) is a progressive inflammatory condition, and its
4-Hydroxy-2-nonenal clinical management primarily targets bronchodilation and anti-inflammatory therapy. However,
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these treatments often fail to directly address the progression of COPD, particularly its associated
glucocorticoid (GC) resistance. This study elucidates the mechanisms underlying GC resistance in
COPD and explores the therapeutic potential of allyl isothiocyanate (AITC) in modulating MRP1
transport. We assessed the levels of the oxidative stress product 4-HNE, HDAC2 protein, in-
flammatory markers, and pulmonary function indices using animal and cell models of GC-
resistant COPD. The cascade effects of these factors were investigated through interventions
involving AITC, protein inhibitors, and dexamethasone (DEX). Cigarette smoke-induced oxidative
stress in COPD leads to the accumulation of the lipid peroxidation product 4-HNE, which impairs
HDAC2 protein activity and diminishes GC-mediated anti-inflammatory sensitivity due to dis-
rupted histone deacetylation. AITC regulates MRP1, facilitating the effective efflux of 4-HNE from
cells, thereby reducing HDAC2 protein degradation and restoring dexamethasone sensitivity in
COPD. These findings elucidate the mechanism of smoking-induced GC resistance in COPD and
highlight MRP1 as a potential therapeutic target, as well as the enormous potential of AITC for
combined GC therapy in COPD, promoting their clinical applications.

1. Introduction

Cigarette smoking-induced COPD not only diminishes the therapy efficacy but also leads to the exacerbation of inflammation and
increased mortality [1]. Although bronchodilation intervention and broad-spectrum anti-inflammatory agents have exhibited sig-
nificant effectiveness, the emergence of GC resistance has meant that the pulmonary function of COPD fails to achieve the goals
recommended by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines, creating substantial challenges for
society and hospital management of COPD. Indeed, GC resistance has been implicated in cellular oxidative stress (OS) and histone
acetylation, resulting in signaling pathway inhibitors and antioxidants have attracted considerable attention recently [2-4]. However,
OS has not yet evolved into a therapeutic pathway for GC resistance of COPD clinically, primarily due to the lack of validation in the
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pertinent pathophysiological mechanisms [5]. Therefore, it’s necessary to uncover the interactions between GC resistance and
oxidative stress in COPD, and propose effective regulatory strategies.

According to the several identified molecular mechanisms of GC resistance, apart from maintaining GRa expression and blocking
signals with phosphodiesterase 4 inhibitors like roflumast and p38 MAP kinase inhibitors, reducing histone deacetylase 2 (HDAC2)
expression has shown significant improvement [6,7]. Pro-inflammatory transcription factors, such as nuclear factor kappa-B (NF-kB)
and activator protein 1 (AP-1), bind to intrinsic histone acetyltransferase in chronic inflammation, resulting in the acetylation of core
histones around chromosomal DNA and subsequently activating the coordinated expression of various inflammatory genes [8]. GCs
reverse this process by recruiting histone deacetylase-2 (HDAC2) to deacetylate the highly acetylated histones, thereby exerting their
anti-inflammatory effects [9]. Notably, cigarette smoke could induce post-translational modifications, including nitrosylation,
phosphorylation, and ubiquitination, which subsequently trigger the degradation of HDAC2 in a lung macrophage-dependent manner.
This leads to a substantial decrease in the activity and expression of HDAC2 within alveolar macrophages, ultimately resulting in the
development of GC resistance features in COPD patients [10-12]. Furthermore, the reactive oxygen species (ROS) and oxidants from
cigarette smoke, coupled with inflammatory responses and antioxidant imbalance, predispose COPD to oxidative stress, thereby
elevating the levels of lipid peroxidation products through the direct or indirect oxidation of amino acids, such as 4-hydroxynonenal
(4-HNE) and malondialdehyde (MDA), which exhibit a negative correlation with pulmonary function [13,14]. Moreover, such reactive
molecules deplete the thiol pool or react with proteins through carbonylation to form aldehyde-lipid adducts, ultimately disrupting the
functionality and stability of intracellular (such as HDAC, nuclear factor erythroid 2-related factor 2, or Keapl) and extracellular
matrix (ECM) proteins. Such a process can induce various cellular and biochemical effects, including the initiation and exacerbation of
pulmonary inflammatory damage [15]. Therefore, these issues force us to investigate the relationship between HDAC2 expression and
GC resistance in COPD, thereby tailoring treatment strategies and improving outcomes.

Multidrug resistance-associated protein-1 (MRP1), an ATP-dependent transmembrane efflux transporter located on the basolateral
side of bronchial epithelial cells in the lungs, can effectively expel inhaled chemical foreign substances or toxins [16]. Therefore, the
MRP1-mediated transport of cigarette smoke particulates or lipid peroxidation products represents an effective strategy for regulating
oxidative stress damage [17]. Indeed, research has revealed that allyl isothiocyanate (AITC), derived from Chinese medicine Semen
Sinapis Albae, not only upregulated the expression of MRP1 through Nrf2 and Notch1, but also inhibited the AhR/CYP1A1 pathway
and activated the Nrf2/NQO1 pathway, thereby improving lung oxidative stress and delaying the pathological progression of COPD
[18,19]. Consequently, we hypothesis that the increased MRP1 activity induced by AITC can facilitate the efflux transport of oxidative
stress products, reducing HDAC2 damage and mitigating GC resistance pathways in COPD treatment. This study aimed to investigate
the cascade effects of AITC, MRP1, oxidative stress, HDAC2, and GC resistance, thereby providing novel insights into the mechanisms
of GC resistance in COPD and offering new avenues and clinical strategies for treatments.

2. Materials and methods
2.1. COPD models and groups

Male SD rats (180-220 g, n = 60) were procured from the Experimental Animal Center of Anhui Medical University (Anhui, China).
The rats were acclimatized with adaptive feed for one week under conditions of relative humidity (55 + 10 %) and temperature (25 +
2 °C). They were randomly divided into two groups: the normal group (n = 10) and the COPD model group (n = 50). The COPD model
was induced through a combination of exposure to cigarette smoke (Anhui China Tobacco Industrial Company, nicotine 0.8 mg, tar 10
mg) and the infusion of lipopolysaccharide (LPS) (Biosharp Company). Rats in the model group were exposed to smoke in a homemade
fumigation box for 1 h, twice daily, for 60 days. The rats in the model group were anesthetized with 20 % urethane (1 g/kg) to expose
the trachea, followed by the administration of 0.2 mL (1 mg/mL) lipopolysaccharide solution. The care and use of animals followed the
guidance of Anhui University of Chinese Medicine Laboratory Animal Ethics and Management Committee (AHUCM-rats-2021,020).

Following successful modeling, the rats were randomly divided into four groups (n = 10), and treatment lasted for 15 days: the
COPD group, the AITC group (80 mg/kg/day), the dexamethasone (DEX) group (27 mg/kg/day), and the combined AITC (80 mg/kg/
day) and dexamethasone (27 mg/kg/day) group [20]. Equal amounts of corn oil were administered by gavage to the control and COPD
groups.

2.2. Determination of lung function and processing of tissues

Rats in all groups were anesthetized with 20 % urethane (1 g/kg). Following this, tracheotomy and tracheal intubation were
performed, and pulmonary function was assessed using a pulmonary function tester (AniRes2005, Beijing Berambo Technology
Company). Parameters automatically recorded by the software included maximum flow in the middle of expiration (MMF), the ratio of
0.3-s forced expiratory volume to percent forced vital capacity (FEV0.3/FVC%), forced mid-expiratory flow (FEF25-75), and peak
expiratory flow (PEF). At the end of the pulmonary function test, serum was prepared, and the right main bronchus was ligated. The
left lung was then lavaged three times with sterile PBS (3 mL) via tracheal intubation, and the lavage fluid was collected. The right lung
was rapidly fixed with 4 % paraformaldehyde, and the left lung was stored at —80 °C for subsequent experiments. Cells were counted
using a hemocytometer. Cells were precipitated by centrifugation at 1200 rpm for 10 min at 4 °C, then stained on slides with Wright-
Giemsa stain to calculate the proportions of eosinophils and neutrophils based on morphological criteria.
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2.3. Lung tissue pathology and immunohistochemistry

The paraffin-fixed lung tissues were cut into 4 pm thick sections and stained with Hematoxylin-eosin (H&E). Then, the pathological
damage to lung tissues was quantified by measuring the mean linear intercept using ImageJ software. Immunohistochemistry was
employed to detect the expression of HDAC2 and 4-HNE in lung tissue. After dewaxing and hydrating, the lung sections were incubated
in bovine serum (Beijing Zhongshan Golden Bridge Company) for 30 min. Subsequently, the lung tissue sections were incubated
overnight at 4 °C with anti-HDAC2 antibody (1:1000) and anti-4-HNE antibody (1:50). The anti-HDAC2 antibody was purchased from
Abcam (Cambridge, UK), and the anti-4-HNE antibody was obtained from R&D Systems (USA). After several washes, the sections were
treated with diaminobenzidine (DAB) and observed under a microscope.

2.4. Detection of TNF-a, IL-8 and 4-HNE concentration

The ELISA kit instructions (Jiangsu Enzyme Immune Industry Company) were strictly followed. The prepared samples were
incubated and stained, and the optical density (OD) values were measured using microplate reader. Finally, the concentrations of 4-
HNE and TNF-a were calculated using a linear equation derived from the standard curve.

2.5. Western blotting

Protein extraction from lung tissue was performed using RIPA lysis buffer and a protease inhibitor mixture, with protein con-
centration determined by a commercial kit. Protein samples were separated on 8 %-10 % SDS-PAGE and transferred to a poly-
vinylidene fluoride (PVDF) membrane. The membrane was blocked for 20 min on a shaker and incubated with primary antibodies:
GAPDH (1:2000), MRP1 (1:50), and HDAC2 (1:2000) at 4 °C overnight. Anti-GAPDH was provided by Beijing Zhongshan Golden
Bridge Company (Beijing, China), anti-MRP1 and anti-HDAC2 were supplied by Abcam (Cambridge, UK), and anti-GRa by Abways
(Abways Technology). Afterward, the PVDF membrane was washed and incubated with corresponding secondary antibodies for 2 h at
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Fig. 1. AITC improves lung tissue injury in COPD rats. (A) Schematic diagram of animal experiment. (B) Results of pulmonary histopathology and
(C) alveolar mean linear intercept. scale bar = 100 pm #*#P < 0.01 vs. Control group, *P < 0.05 or **P < 0.01 vs. COPD group.
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room temperature. Finally, the membrane was uniformly covered with ECL luminescent solution (Biosharp, Hefei, China) and exposed
to a chemiluminescence instrument. Protein gray values were analyzed using ImageJ software.

2.6. Cell culture and treatment

16HBE cells (RRID: CVCL 0112, Shanghai Sixin Biological Technology) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10 % fetal bovine serum and 1 % penicillin/streptomycin, and then digested for passaging using trypsin
after reaching 85 %-90 % confluence. Short tandem repeat (STR) analysis (2024.01) was used to verify the identity of 16HBE cells.
MycoAlert mycoplasma detection kit (Lonza) was used to detect mycoplasma contamination in 16HBE cells. Then, 16HBE cells were
exposed to various drug treatments for 2 h following 24 h of stimulation with 4-HNE. Subsequently, the cells were incubated with DEX
at concentrations ranging from 1071° to 10® mol/L for 1 h, followed by exposure to LPS (1 mg/L) for 24 h 16HBE cells were seeded
into 96-well plates (1 x 10*/well) and cultured for 24 h. Then, the cells were co-cultured with DEX, 4-HNE and AITC in a series of
concentrations for 12 h, 24 h and 36 h. Finally, after treatment including co-incubation with CCK-8 (10 pL/well) for 1 h, the Uv-vis
absorbance of cells in each well was measured at 450 nm with a microplate reader.

2.7. Determination of reactive oxygen species (ROS)

Intracellular ROS levels were measured using 2,7-dichlorofluorescein diacetate (DCFH-DA). Cells cultured in 6-well plates (2 x
10°/well) were incubated with DCFH-DA (50 pmol/L) for 30 min. After incubation, the cells were washed three times with serum-free
medium and then stimulated with low, medium, and high doses of 4-HNE for 30 min. Finally, the fluorescence intensity was measured
using a fluorescence microscope (Leica, Wetzlar, Germany) at an excitation wavelength of 485 nm.
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Fig. 2. AITC improves inflammatory response, lipid peroxidation and histone expression in COPD rats. Levels of inflammatory cytokines (A-B) IL-8
and (G-D) TNF-« in serum and BALF of rats, n = 6. *#P < 0.01 vs. Control group, *P < 0.05 or **P < 0.01 vs. COPD group. (E) Expressions of 4-HNE
in lung tissue of various group rats. (F) Western blot strip chart and (G) relative expression of HDAC2 protein in lung tissue of various group rats. (H)
Immunohistochemical results of 4-HNE and HDAC2. Scale bar = 100 pm, *P < 0.05 Vs. Control group, **P < 0.01 vs. COPD group, n = 6.



W. Chang et al. Heliyon 10 (2024) e37275

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Prism, United States). The experimental data were
expressed as mean + standard deviation (SD). One-way analysis of variance followed by Tukey’s multiple comparison test was used to
analysis differences between groups. Statistical significance was defined as a P value less than 0.05.

3. Result
3.1. Effects of AITC on lung inflammation, function and damage in COPD rats

To ascertain whether the COPD could respond to oxidative stress, SD rats were exposed to CSE and LPS and their inflammation and
lipid peroxidation were measured. As shown in Table S1, lung function indices such as FEV0.3/FVC %, FEF25-75, MMF, and PEF were
significantly reduced in the model group compared to the control group (P < 0.01). However, The AITC group had the opposite effect.
This was especially true in the AITC + DEX group. Additionally, as shown in Fig. 1B and C, H&E staining analysis of lung tissues
demonstrated that long-term smoking caused significant infiltration of inflammatory cells around the bronchi and alveoli, and rupture
of the alveolar structure. The pathological damage of lung tissue in the AITC group was significantly improved compared with the
model group, especially the effect of AITC + DEX was more obvious. Furthermore, as shown in Table S2, in the COPD model group,
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Fig. 3. MRP1 and HDAC2 protein expression and 4-HNE levels in rats. (A) Effects of 4-HNE on cell viability of 16HBE cells. (B) Effect of different
concentrations of CSE on 4-HNE levels. *P < 0.05 or **P < 0.01 vs. Control group, n = 3. (C) Survival of 16HBE in the presence of different
concentrations of AITC for 12, 24, and 36 h. (D) Effect of AITC on IL-8 inhibition rates in each group. (E) Western blot strip chart and (F) relative
expression of HDAC2 protein in 16HBE cells through 4-HNE intervention. *P < 0.05 vs. Control group, **P < 0.01 vs. 5 pM 4-HNE group, n = 3. (G)
Effect of AITC on the level of 4-HNE in 16HBE cells. **P < 0.01 vs. Control group, *P < 0.05 or **P < 0.01 vs. 4-HNE group, n = 3. (H) The effect of
AITC on the level of 4-HNE in 16HBE cells under the intervention of MRP1. ##P < 0.01 vs. Control group, *P < 0.05 vs. 4-HNE group or 4-HNE +
AITC, n = 3. (I) Western blot strip chart and (J) relative expression of HDAC2 and MRP1 protein expression in GC-resistant cells. AITC-L: AITC low-
dose group; AITC-H: AITC high-dose group. *#P < 0.01 vs. Control group, *P < 0.05 or **P < 0.01 vs. 4-HNE group, n = 3.
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macrophages were significantly reduced, while the proportion of neutrophils, eosinophils, and total white blood cells significantly
increased. The AITC + DEX group and the AITC group showed an opposite trend (P < 0.05). Moreover, as shown in Fig. 2A-D, the
concentrations of IL-8 and TNF-a in the COPD model group were significantly higher than those in the control group (P < 0.01). BALF
and serum levels of inflammatory factors were significantly reduced in the group co-treated with DEX and AITC (P < 0.05). These
results suggest that AITC has a reversing effect on lung inflammation in rats with COPD.

3.2. AITC reduces the level of 4 - HNE and up-regulates the expression of HDAC2

COPD not only induces inflammation and tissue damage but also increases lipid peroxidation, which is associated with oxidative
stress. To determine whether COPD could induce oxidative stress, SD rats were exposed to cigarette smoke (CS), and lipid peroxidation
was measured. As shown in Fig. 2E, the content of 4-HNE was significantly increased in the model group (P < 0.01). AITC and DEX
reduced the serum content of 4-HNE in the COPD groups (P < 0.05). Importantly, as shown in Fig. 2F and G, HDAC2 protein expression
was inhibited in COPD rats compared to the control group; however, AITC significantly increased HDAC2 expression (P < 0.01). To
investigate whether AITC regulates HDAC2 expression through modulation of 4-HNE levels, immunohistochemistry was employed to
analyze the expression of 4-HNE and HDAC2 proteins. As shown in Fig. 2H, HDAC2 expression was lower in the model group compared
to the control group. However, it was upregulated following AITC and DEX treatment, and 4-HNE expression was downregulated,
suggests that AITC may increase HDAC2 expression in the lungs of COPD rats by reducing 4-HNE levels. These results indicated that the
smoking-induced COPD not only increases lipid peroxidation associated with oxidative stress but also impedes GC-induced histone
deacetylation. The high expression of 4-HNE in COPD rats may be closely related to the expression of HDAC2 protein, and AITC could
up-regulate the expression of HDAC2. Suggested that AITC has therapeutic potential in restoring glucocorticoid sensitivity in COPD
patients, thereby improving treatment outcomes.

3.3. AITC increased the sensitivity of 16HBE cells to DEX

To evaluate the effect of the oxidative stress product 4-HNE on GC resistance in COPD, we used the CCK8 assay to determine cell
viability. As shown in Fig. 3A, cell viability remained above 80 % after 24 h stimulation with 5 pM 4-HNE. Therefore, 5 uM 4-HNE was
used to stimulate 16HBE cells for 24 h in the glucocorticoid resistance experiment. Subsequently, as shown in Fig. 3B, the level of 4-
HNE in 16HBE cells was significantly increased after 2.5 %, 5 % and 10 % CSE intervention for 24 h, indicating that CSE stimulation
increased the level of 4-HNE in 16HBE cells.

As shown in Fig. 3C, the cytotoxic effects of AITC on 16HBE cells were assessed using the CCK-8 assay. The results indicated that
AITC inhibited cell viability in a concentration-dependent manner, with 5 pM, 10 pM, and 20 pM chosen as low, medium, and high
intervention concentrations, respectively, and incubated with 16HBE cells for 24 h. Finally, the inhibitory effects of various con-
centrations of DEX (107! to 107® mol/L) on IL-8 release were determined, and the ICs.ppx was used to assess GC sensitivity. To
investigate whether AITC enhances the sensitivity of 16HBE cells to DEX induced by 4-HNE through HDAC2 modulation, its inhibitor
trichostatin A (TSA) was co-administered with AITC. As shown in Fig. 3D and Table S3, the ICs¢.pgx in the 4-HNE group was signif-
icantly increased (P < 0.01). The ICs¢.pgx value in the AITC-H treatment group was significantly lower than that in the 4-HNE group (P
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Fig. 4. AITC improves intracellular oxidative stress and inflammation. (A) 4-HNE induced intracellular ROS. (B) Fluorescence intensity represents
intracellular ROS levels, “P < 0.05 or ##P < 0.01vs. Control group, *P < 0.05 or **P < 0.01 vs. 5 uM group, n = 3. Levels of inflammatory cytokines
(C) IL-8 and (D) TNF-« in 16HBE cells. *#P < 0.01 vs. Control group, **P < 0.01vs. 4-HNE group, n = 3.
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< 0.05). However, the decrease of ICso.pgx was inhibited by the combination of AITC-H and TSA. The above results suggest that AITC
may increase the sensitivity of 16HBE cells to glucocorticoids under 4-HNE stimulation by regulating the expression of HDAC2.

3.4. Effect of AITC on HDAC2, 4-HNE, and MRP1

To investigate the impact of 4-HNE on HDAC2 expression in 16HBE cells, cells were exposed to 5 pM, 10 pM, and 20 pM con-
centrations of 4-HNE for 24 h. As illustrated in Fig. 3E and F, 4-HNE reduced HDAC2 expression in a concentration-dependent manner
(P < 0.01). Subsequently, 16HBE cells were pre-incubated with different concentrations of AITC for 2 h, and then stimulated with 5 yM
4-HNE for 24 h. As shown in Fig. 3G, AITC treatment significantly reduced 4-HNE levels compared to the 4-HNE group (P < 0.05).
Importantly, since 4-HNE is an affinity substrate for MRP1, it is crucial to understand the role of MRP1 in the reduction of gluco-
corticoid resistance by AITC. Subsequently, as depicted in Fig. 3H, the MRP1 inhibitor MK571 was used to inhibit MRP1 activity. The
4-HNE levels in the MK571 + AITC group were significantly higher than those in the AITC group (P < 0.01). This indicated that the
ability of AITC to inhibit 4-HNE was weakened when the expression of MRP1 was inhibited.

Next, the protein expression levels of MRP1 and HDAC2 were assessed by Western blotting to elucidate the mechanism by which
AITC reduces glucocorticoid resistance. As shown in Fig. 3I and J, the expression levels of MRP1 and HDAC2 proteins were signifi-
cantly decreased in the 4-HNE group compared to the control group. Furthermore, compared to the 4-HNE group, the expression levels
of MRP1 and HDAC2 proteins were restored in the AITC-H group and the AITC + TSA combined treatment group (P < 0.05), with
particularly notable effects in the AITC-H group. These results suggest that AITC can upregulate the expression of HDAC2 and MRP1 in
a dose-dependent manner. Thus, the effect of AITC on enhancing GC resistance may involve upregulating MRP1 protein expression by
reducing 4-HNE levels, which in turn regulates HDAC2 protein expression.

3.5. Effects of 4-HNE on ROS and TNF-a in 16HBE cells

To evaluate the effect of the peroxidation product 4-HNE on oxidative stress in COPD, changes in the intensity of ROS fluorescence
and in the levels of inflammatory factors in 16HBE cells were detected. As shown in Fig. 4A and B, ROS levels and fluorescence in-
tensity were significantly elevated in the 10 pM and 20 pM 4-HNE treatment groups compared to the control group (P < 0.05).
Additionally, as demonstrated in Fig. 4C and D, the concentrations of IL-8 and TNF-a were significantly higher in the 4-HNE group (P <
0.01). Treatment with AITC significantly reduced the concentrations of IL-8 and TNF-a (P < 0.01), exogenous stimulation with 4-HNE
of 16HBE cells exhibits substantial a dose-dependent toxicity, increased the levels of TNF-a and ROS, indicating that smoking could
enhance oxidative stress and damage cells.

4. Discussion

Chronic obstructive pulmonary disease (COPD) is a prevalent chronic lung condition characterized by inflammation, airway
obstruction, and lung damage. It has long been associated with smoking [21]. Upon entering the respiratory tract, cigarette smoke
activates airway epithelial cells and macrophages to release various chemokines, which recruit neutrophils and lymphocytes. Studies
have shown that the number of neutrophils in the sputum of COPD patients is increased, along with the secretion of neutrophil elastase
and matrix metalloproteinases (MMPs), leading to alveolar structure damage [22]. Additionally, the abundant oxidants and elec-
trophiles in cigarette smoke can induce oxidative stress by generating numerous free radicals in vivo, which attack unsaturated fatty
acids in bronchial epithelial cells and produce active lipid peroxides. The active aldehyde 4-HNE is a lipid peroxidation product, and its
intracellular accumulation at concentrations ranging from 10 pM to 5 mM leads to severe oxidative damage compared to physiological
serum levels. Furthermore, 4-HNE effectively induces ROS, which is accompanied by the accumulation of ubiquitinated proteins and
apoptosis [23,24]. The antioxidant defense mechanisms of the lungs protect against the harmful effects of oxidants through electron
transfer, enzymatic removal, clearance, and maintenance of tight isolation of transition metal ions [25]. Moreover, the detoxification
of reactive aldehydes in cellular oxidative metabolism is mediated by aldehyde dehydrogenases and aldehyde ketone reductase, which
decarbonylate proteins to reverse the post-translational modifications they induce [26]. However, cigarette smoke increases reactive
oxygen species and decreases endogenous antioxidant defenses, affecting the activity of dehydrogenases and reductases, and leading to
the accumulation of significant amounts of reactive aldehydes intracellularly [27].

The HDAC family can remove the acetyl group from histones, inducing DNA condensation to silence gene transcription. Addi-
tionally, it has the capability to deacetylate non-histone proteins, modulating NF-kB-dependent pro-inflammatory gene transcription
[28]. Importantly, HDAC2 expression and activity are significantly reduced in COPD due to post-translational modifications such as
nitrosylation, phosphorylation, and ubiquitination. This leads to protease-dependent degradation, particularly in response to the
severity of COPD and the intensity of inflammation [29]. Therefore, GCs induce the decarboxylation or dephosphorylation of HDAC2
by aldehyde dehydrogenases/reductases or phosphatases, reversing the post-translational modifications of HDAC2 and enhancing
sensitivity to the GC receptor [30].

In this work, we observed significant levels of the lipid peroxidation product 4-HNE in the lung tissues and bronchial epithelial cells
of COPD rats induced by cigarette smoke and LPS. Furthermore, HDAC2 protein expression exhibited a significant decrease in CSE-
induced COPD 16HBE cells following exogenous stimulation with 4-HNE, leading to a substantial reduction in the efficacy of DEX
intervention. This confirms that GC resistance observed in COPD is attributed to the accumulation of lipid peroxidation-related
products caused by the disruption of the intracellular redox balance by reactive oxygen species. These substances significantly
decrease the expression and activity of HDAC2, impeding the deacetylation process of histones and preventing the completion of the
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anti-inflammatory effects of GCs. Therefore, an effective strategy to remove peroxidation products would indirectly reduce GC
resistance in COPD treatment.

Naturally occurring phytochemicals, such as baicalin, quercetin, resveratrol, Epigallocatechin gallate (EGCG), and curcumin, are
gaining popularity for COPD treatment due to their safety, bioavailability, efficacy, and easy accessibility [31,32]. Allyl isothiocyanate
(AITC, CH,=CHCH3;N=C=S or C4HsNS) is a natural compound found in all cruciferous vegetables. It is produced by the hydrolysis of
the glucosinolate sinigrin by the enzyme myrosinase, with nearly 90 % of orally supplemented AITC being absorbed, indicating
exceedingly high bioavailability. Furthermore, AITC regulates oxidative stress, inflammation, cell proliferation, cell cycle arrest,
apoptosis, angiogenesis, invasion, and metastasis through interactions with multiple cells signaling pathways [33]. Additionally, AITC
has anti-inflammatory activity, which is beneficial to improve chronic respiratory disease [19]. AITC exhibits potent
anti-inflammatory and antiasthmatic effects by inhibiting airway inflammation, tracheal constriction, and airway remodeling, while
also increasing the expression of tight-junction proteins through the TRPA1 channel [34].

MRP1 belongs to the ATP-binding cassette (ABC) transporter family [30]. Its overexpression or abnormal activation demonstrates a
wide range of physiological functions, such as the cellular efflux of drugs and transport of metabolites, which are closely associated
with multidrug resistance and detoxification [35]. Moreover, MRP1 expression is regulated by various factors, including genetic,
post-transcriptional, and protein stability mechanisms, as well as certain drugs and compounds. We have confirmed that AITC can
up-regulate the activity of MRP1 via the Notch1/Hesl and DJ-1/Nrf2 pathways, demonstrating remarkable efficacy in COPD-related
studies [19]. In this study, MRP1 serves as a transporter for the efflux of cellular oxidative stress metabolites. Its enhanced activity
under AITC regulation could significantly transport 4-HNE to the extracellular space, ultimately upregulating HDAC2 protein
expression in tissues and cells. Notably, the short duration of treatment and the absence of clinical evaluation are areas that need to be
addressed in future developments. These results have great potential for restoring lung function, reducing inflammatory cells and
associated factors, and attenuating lung tissue damage in GC-resistant COPD.

5. Conclusion

This work highlighted the development of GC resistance in COPD, induced by abundant oxygen free radicals from cigarette smoke.
It endows the cells with oxidative stress damage and disorder of lipid peroxidation metabolism, leading to the intracellular accu-
mulation of the toxic product 4-HNE, thereby hindering HDAC2-mediated histone deacetylation, and reducing sensitivity to GCs. AITC
could restore GC sensitivity, achieve the restoration of lung function and alleviation of inflammation in COPD rats, owing to its sig-
nificant enhancement of MRP1 activity to effectively extrude 4-HNE and reduce HDAC2 damage. Therefore, such AITC-regulated
oxidative stress holds great potential for targeted therapy of GC resistance in COPD, but still focusing on the long-term efficacy and
safety of AITC in COPD models and conducting clinical trials to validate these findings in patients.
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