FUNDC1 promoted ferroptosis via JNK pathway in cigarette smoking-induced chronic obstructive pulmonary disease
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Highlights:
· FUNDC1, a mitophagy receptor, plays a key role in the pathogenesis and progression of COPD.
· CS exposure activates FUNDC1, which promotes ferroptosis by impairing mitochondrial function and enhancing JNK phosphorylation.
· The study provided evidence that FUNDC1 knockdown or JNK inhibition attenuates cellular damage and ferroptosis in COPD.
· FUNDC1 may be a promising therapeutic target for COPD.
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Abstract
Background: Cigarette smoking (CS), the major risk factor for chronic obstructive pulmonary disease (COPD), induces oxidative stress, mitophagy and ferroptosis. Because FUN14 domain-containing protein 1(FUNDC1), a mitophagy receptor, may drive the onset and progression of COPD, we investigated its role in CS-induced ferroptosis in COPD and to explore the underlying cellular signaling mechanisms.
Methods: Wild-type (C57BL/6J background) and FUNDC1-knockdown (KD) mice were exposed to CS for 12 weeks. FUNDC1-KD and FUNDC1-overexpressing (OE) alveolar epithelial A549 cells were exposed to CS extracts (CSE) in the presence and absence of the JNK inhibitor, SP6001 (10mM). Oxidative stress, inflammation, mitochondrial function, and ferroptosis were measured. 
Results: FUNDC1 expression was increased in lung tissues from COPD patients and CS-exposed mice. CS exposure induced airway inflammation, reduced lung function, and enhanced ferroptosis in mice. FUNDC1-KD prevented CS-induced lung injury in mice. Similarly, CSE exposure up-regulated FUNDC1 expression, promoted ferroptosis, inflammation, oxidative stress, lipid peroxidation, and mitochondrial damage in A549 cells. FUNDC1-KD prevented CSE-induced cellular damage. Transcriptomic data indicated that FUNDC1 mediated ferroptosis through the JNK pathway. These in vitro results were further confirmed by pretreatment with the JNK inhibitor SP6001.
Conclusion: FUNDC1 plays an important role in CS-exposed alveolar epithelial cells and in a mouse model of COPD through the JNK-ferroptosis pathway. 
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1. Introduction
Chronic Obstructive Pulmonary Disease (COPD) is a progressive lung disorder characterized by persistent inflammation, airway remodeling, and alveolar destruction, ultimately leading to irreversible airflow limitation [1]. Affecting approximately 400 million people worldwide, COPD is a major cause of morbidity and hospital admissions and is currently the third leading cause of mortality worldwide [2]. Cigarette smoking (CS) is one of the primary causes for COPD [3,4] through the generation and secretion of reactive oxygen species (ROS) in the lungs, resulting in an imbalance between oxidation and antioxidant defenses. This imbalance promotes the recruitment of lymphocytes, macrophages, and neutrophils into the airways and pulmonary vasculature, thereby promoting the release of inflammatory mediators and further free radical generation [5]. Therefore, understanding the mechanisms by which CS exposure drives COPD pathogenesis can advance our understanding of the disease and facilitate the development of novel therapeutic strategies. 
Mitochondria, the cellular energy hubs, have been recognized as pivotal players in the pathogenesis of COPD development and progression. Mitophagy, an autophagy process selective for mitochondria, works in coordination with mitochondrial dynamics and biogenesis to replenish the mitochondrial pool with new, healthy organelles [6,7]. There are two known mechanisms of mitophagy: PINK1 (PTEN-induced kinase-1) -Parkin-mediated mitophagy and receptor-mediated mitophagy. FUN14 domain-containing protein 1 (FUNDC1) is a key receptor in the latter pathway and directly binds microtubule-associated protein 1 light chain 3 (MAP1LC3) to form autophagosomes that then engulf and degrade damaged mitochondria [8]. The role of FUNDC1 in chronic pathological processes has been reported in lung, liver and cardiovascular diseases [9-11]. In a hypoxic pulmonary hypertension (PH) mouse model, FUNDC1 overexpression (OE) increased mitophagy and cell proliferation, ultimately leading to pulmonary vascular remodeling and PH [10]. Additionally, citrate, a mitochondrial metabolite, directly interacted with FUNDC1 to promote the binding of FUNDC1 and dynamin- related protein1 (DRP1), resulting in necroptosis, which can trigger and exacerbate acute lung injury [12]. 
Ferroptosis is a newly-described form of programmed cell death, characterized by glutathione depletion, inactivation of glutathione peroxidase 4 (GPX4), intracellular iron accumulation, and lipid peroxidation [13,14]. Excessive intracellular iron reacts with hydrogen peroxide through the Fenton reaction to generate the highly toxic hydroxyl radical (•OH) that can damage DNA, proteins, lipid membranes, and other biomolecules. This results in the continuous accumulation of lipid ROS within the cell and ultimately causing ferroptosis [15]. Lung tissues are in a physiologically high-oxygen environment, therefore they experience higher oxidative stress than most other tissues. Accumulating evidence indicates that ferroptosis plays an important regulatory role in the occurrence and development of pulmonary diseases [14,16,17]. In BEAS-2B cells exposed to lipopolysaccharide (LPS), the expression of solute carrier family 7 member 11 (SLC7A11) and GPX4 decreased, while the levels of malondialdehyde (MDA) and total iron increased whilst inhibition of ferroptosis using Ferrostatin-1 restored these changes [18]. Similarly, ferroptosis was observed in alveolar type II epithelial cells in a mouse model of ischemia-reperfusion-induced acute lung injury (ALI), and inhibition of ferroptosis protected against ALI [19]. 
The relationship between mitophagy and ferroptosis in COPD remains unclear. Given the critical role of FUNDC1 in controlling mitophagy and cell damage, we hypothesize that FUNDC1 serves as a critical regulator of ferroptosis in CS-induced COPD. Therefore, we investigated the mechanisms by which FUNDC1 regulates ferroptosis and the underlying signaling pathways.

2. Methods
2.1 Human specimens
Human lung tissues were obtained from non-smokers and newly-diagnosed COPD patients admitted to Shanghai Chest Hospital for lung cancer surgery. The inclusion criteria were as follows: (I) current smokers with a smoking history of ≥20 pack-years or non-smokers; (II) male patients; (III) diagnosis of COPD made on the basis of post-bronchodilator FEV1/FVC<70% according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD)[20], while controls had a post-bronchodilator FEV1/FVC >70% and (IV) the absence of lung cancer beyond stage I or IIA and no history of chemotherapy or radiation. The following exclusion criteria were used: (I) recent respiratory tract infection or other chronic pulmonary diseases (e.g., asthma, bronchiectasis, interstitial lung diseases, pulmonary hypertension, etc.); (II) systemic steroid use within the previous 4 weeks; (III) presence of lung cancer beyond stage IIA or a history of chemotherapy or radiation or (IV) a history of other cancers. 
After the lung resection, specimens were dissected at a distance of more than 5cm from the cancerous tissues then immediately transferred in liquid nitrogen and stored at −80℃ until analyzed [21]. The study was conducted in accordance with the Declaration of Helsinki. This study was approved by the Institutional Ethics Committee of Shanghai Chest Hospital (KS24070), and written informed consent was obtained from all subjects. 

2.2 Animal model of CS-exposure
Male C57BL/6J mice aged eight to ten weeks were purchased from the Huachuang Sino Company (Jiangsu, China). The C57BL/6J mice with intratracheal injection of an adeno-associated virus vector with knockdown of FUNDC1 (OBiO Technology, Shanghai, China) were established as the FUNDC1-knockdown (KD) mice, while the C57BL/6J mice with intratracheal injection of natural saline were used as the control mice. Mice were placed into a device equipped with measures to prevent lethal asphyxia for CS-exposure (five cigarettes/time, two times/day, five days/week, Marlboro Red Label, Longyan Tobacco Industrial Co. Ltd., Fujian, China, with 12 mg tar and 1.0 mg nicotine per cigarette) for twelve weeks [22,23], while control mice were exposed to filtered air only. Experiments were approved by the Institutional Ethics Committee, in compliance with the institutional laboratory animal management guidelines for the care and use of animals.

2.3 Lung function
At the end of twelve-week exposure, mice were anesthetized, tracheostomized and placed in a plethysmograph (EMMS, Hants, UK) with a ventilator to measure inspiratory capacity (IC), functional residual capacity (FRC), total lung capacity (TLC), forced vital capacity (FVC), forced expiratory volume in first 25 and 50 milliseconds of exhalation (FEV25, FEV50) and chord compliance (Cchord) as previously described [24]. Following terminal anaesthesia, the right lung was dissected and snap-frozen in liquid nitrogen for later analysis, while the left lung was inflated with 10% formalin under 25cm of water pressure for 24h and then embedded in paraffin. 

2.4 Histological analysis of lung tissues
Paraffin blocks were sectioned to expose the maximum surface area of the lung tissue. Four µm sections were cut for stain analysis. To detect ferric iron and ferrous iron in mouse’s lung tissue, the Enhanced Prussian Blue Iron Stain Kit (Solarbio, China) was used. After deparaffinization and hydration, the section of lung tissue was stained, washed, counterstained, dehydrated and cover-slipped according to the manufacturer’s protocol. Haematoxylin and eosin (H&E) staining was used to determine mean linear intercept (Lm), a measure of interalveolar septal wall distance, and was also used to evaluate lung inflammation using 0-3 scale [24]. To assess the thickness of airway structure, the area of total airway wall (Wat) and the perimeter of basement membrane (Pbm) were measured in H&E-stained sections, and parameters were calculated as Wat/Pbm.

2.5 Transmission electron microscopy (TEM) analysis of lung tissues
After excising the lung tissue, small pieces of lung tissue were quickly cut and fixed in 2.5% glutaraldehyde. The samples were then dehydrated and embedded. Sections of 70-90nm thickness were obtained and stained with lead citrate solution and 50% ethanol saturated uranyl acetate solution, respectively. Finally, the samples were observed under a transmission electron microscope using JEOL JEM-F200 (Akishima, Tokyo, Japan). Mitochondrial morphology and the number of autophagosomes were evaluated using Image J software (National Institute of Health, Bethesda, USA). 

2.6 Cell culture, CS extract (CSE) preparation, pharmacologic and genetic intervention  
A549 cells (Wuhan Pricella Biotechnology Company, China) were cultured in F12K medium (Wuhan Pricella Biotechnology Company, China) with 10% fetal bovine serum, 100U/m penicillin and 100µg/ml streptomycin at 37°C in 5% CO2. 2ml of medium was added per well for 6-well plates and 100µl of medium per well for 96-well plates. Human FUNDC1-KD plasmid and FUNDC1-overexpression (OE) plasmid sequences were commercially designed (Genomeditech, Shanghai, China). Lentivirus packaging was performed in 293T cells using Zorin virus packaging kit (Shanghai Zorin Biological Technology, Shanghai, China). After the lentivirus was prepared, the cells were stably transfected using Polybrene, screened using antibiotic puromycin dihydrochloride (Shanghai Zorin Biological Technology, Fengxian, Shanghai, China) resistance to obtain FUNDC1-KD and FUNDC1-OE cells. 
The preparation of CSE followed the previously described method with slight modifications [25]. CS (Marlboro Red Label, Longyan Tobacco Industrial Co. Ltd., Fujian, China) was bubbled through 50mL of F12K medium using a vacuum pump to make a CSE solution and then was sterilized using a 0.22μm filter. This solution was referred to as 100% CSE and was subsequently diluted with culture medium to 10%. Cells were treated with 10% CSE for 48h to induce injury. Cells were pretreated with 10mM of SP6001 (a JNK inhibitor) (Selleck, Shanghai, China) for 2h and then were cultured with vehicle or 10% CSE for 48h.

2.7 Measurement of intracellular and mitochondrial ROS in cells
Cells were seeded in 6-well black plates and then incubated with 10μM 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-Aldrich, St. Louis, MO, USA) for 30 min. After collecting cells, the cell suspension was added to a 96-well plate, and then the level of intracellular ROS was determined using a fluorescence plate reader (Molecular Devices, San Jose, CA, USA) at 488/525nm. Cells were seeded in 6-well black plates and incubated with 5mM MitoSOX Red probe (Invitrogen, Life Technologies, Carlsbad, CA, USA) for 30 min. The fluorescence intensity for mitochondrial ROS was determined at 510/580nm using a flow cytometer (Becton, Dickinson and Company, USA).
 
2.8 Mitochondrial membrane potential (ΔΨm) and extracellular oxygen consumption rate (OCR) 
Cells were seeded in 6-well plates and cultured with 1mL JC-1 staining working solution (Beijing Solarbio Science & Technology Co., Ltd.) for 20 min. The cells were later washed twice using JC-1 staining buffer (1×). Finally, 2mL of cell culture medium was added in per well of 6-well plates. The mitochondrial membrane potential was assessed by comparing the ratio of green fluorescent cells to red fluorescent cells using an inverted fluorescence microscope (Leica). Red fluorescence was determined at 579/599nm and green fluorescence at 490/516nm. Cells were grown in 96-well plates and treated with the designated treatments. Extracellular OCR was performed following the instructions provided with the extracellular OCR plate assay kit (Dojindo, Japan). The fluorescence intensity was measured using a fluorescence plate reader (Molecular Devices, San Jose, CA, USA) at 500/650nm. 

2.9 Mitophagy detection in cells
Cells were seeded in a 6-well plate, and 1 ml of Mitphagy dye working solution (100nmol/l, Dojindo, Japan) was added to each well and incubated at 37℃ for 30 minutes. Then cells were then washed twice with Hank’s balanced salt solution (HBSS, Wuhan Pricella Biotechnology Company, China) buffer. The mitophagy inducer (carbonyl cyanide 3-chlorophenylhydrazone, CCCP, Beijing Solarbio Science & Technology Co., Ltd.) was added to the culture medium for 30 minutes and cells observed under an inverted fluorescence microscope (Leica) to confirm the occurrence of mitophagy.

2.10 Measurement of cellular and mitochondrial Fe2+ and lipid peroxidation in cells
Cells were seeded in 6-well plates and stained in 1μM FerroOrange (Dojindo Laboratories, Mashiki, Tabaru, Japan) and 5μM Mito-FerroGreen (Dojindo Laboratories) in HBSS for 30 min at 37℃ for the detection of mitochondrial Fe2+. Cells were collected and the fluorescence intensity was determined at 543/580nm and 505/535nm using a flow cytometer (Becton, Dickinson and Company, USA). Cells were seeded in 6-well plates and stained with 1μM Liperfluo (Dojindo Laboratories) for 30 min at 37℃ for analysis of lipid peroxidation levels. Cell fluorescence was quantified using a fluorescence plate reader (Molecular Devices, San Jose, CA, USA) at 488/550nm.

2.11 RNA sequencing in cells 
Total RNA was isolated from cells and the cDNA library construction and RNA sequencing were performed commercially (Service ID# F24A610001335_HOMynwaT, BGI, Huada Gene, Wuhan, China). In brief, mRNA sequencing was carried out using the DNBSEQ platform, and high-quality reads were aligned to the human reference genome (GRCh38.p13) and publicly available non-CODE databases. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed by BGI using the Dr. TOM approach, an in-house customized data mining system of the BGI. Altered (upregulated or downregulated) expression of genes was expressed as log2 fold change (FC).

2.12 Western blot analysis of lung tissues and cells
The total protein from mouse lung tissues and A549 cells cultured in 6-well plates was homogenized using RIPA lysis buffer (Beyotime). The protein concentration was then quantified using a Bicinchoninic Acid (BCA) Protein Assay Kit (Beyotime). 30μg of protein per lane was separated using 10% and 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and then transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% nonfat milk and incubated with the following primary antibodies: FUNDC1 (1:1000, Cell Signaling Technology), light chain 3B (LC3B)(1:1000, Abcam), GPX4 (1:1000, Cell Signaling Technology), acyl-CoA synthetase long chain family member 4 (ACSL4)(1:1000, Abcam), translocase of outer mitochondrial membrane 20 (TOM20) (1:1000, Proteintech), JNK (1:1000, Cell Signaling Technology), phosphorylated (phospho) JNK(1:1000, Cell Signaling Technology)，β-actin (1:1000, Cell Signaling Technology) overnight at 4°C. Membranes were then incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibodies (1:5000, Cell Signaling Technology) and visualized by chemiluminescent detection.

2.13 Quantitative reverse transcription polymerase chain reaction (RT-PCR) in lung tissues and cells
Total RNA was extracted from mouse lung tissues and A549 cells cultured in 6-well plates using TRIzol reagent. The concentration and purity of the RNA were determined. Subsequently, 1µg of total RNA was reverse-transcribed into cDNA and quantitative real-time PCR was performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, Jiangsu, China) on the ABI ViiATM 7 System (Applied Biosystems, Foster City, CA, USA). The reaction conditions were as follows: initial denaturation at 95℃ for 30 seconds, followed by 40 cycles of 95℃ for 10 seconds and 60℃ for 30 seconds, and a final cycle of 95℃ for 15 seconds, 60℃ for 60 seconds, and 95℃ for 15 seconds. The primer sequences for the cytokines (IL-1β, IL-6, and TNF-α) are shown in Table 1&2.
Table 1 Mice primer sequences
	IL-1β
	Reverse5'-3
	TGATGTGCTGCTGCGAGATT

	
	Forward 5'-3 
	TGCCACCTTTTGACAGTGATG

	IL-6 
	Reverse5'-3
	ACAGGTCTGTTGGGAGTGGT

	
	Forward 5'-3 
	GGGACTGATGCTGGTGACAA

	TNF-α
	Reverse5'-3
	TGTCTTTGAGATCCATGCCGT

	
	Forward 5'-3 
	TAGCCCACGTCGTAGCAAAC

	β-actin
	Reverse5'-3
	GTCGATTGTCGTCCTGAGG

	
	Forward 5'-3 
	GGAGATCACAGCTCTGGCT



Table 2 Human primer sequences
	FUNDC1
	Reverse5'-3
	ACTGCCTTATTGCTGCCACT

	
	Forward 5'-3 
	CAGTGGATTTGTGGGAGGCT

	IL-1β
	Reverse5'-3
	AGCCCTTCATCTTTTGGGGTCCG

	
	Forward 5'-3 
	TGGGATCCTCTCCAGCCAAGC

	IL-6 
	Reverse5'-3
	GAAGACCAGAGGAAATTTTCAATAGG

	
	Forward 5'-3 
	AGAAAACAATCTGAAACTTCCAGAGAT

	TNF-α
	Reverse5'-3
	TGGCGTCTGAGGGTTGTTTT

	
	Forward 5'-3 
	CAAGGACAGCAGAGGACCAG

	β-actin
	Reverse5'-3
	GAGTACTTGCGCTCAGGAGGA

	
	Forward 5'-3 
	ATTGCTGACAGGATGCAGA



2.14 Measurement of malondialdehyde (MDA) and glutathione (GSH) in mice and cells
MDA levels in mouse sera and in cell suspensions from 96-well cell cultures were determined according to the instructions from the manufacturer (Beyotime) with the absorbance measured at 532nm using a microplate reader (Molecular Devices, San Jose, CA, USA). GSH levels in mouse sera and cell suspensions were measured according to the instructions from the manufacturer (Solarbio Science & Technology Co., Ltd., Beijing, China) with the absorbance measured at 412nm using a microplate reader.

2.15 Statistical analysis
All data are presented as the mean ± SD values. GraphPad Prism 9 software was used for statistical analysis. One-way ANOVA with Bonferroni’s post hoc test (for equality of variances, P > 0.05) or Dunnett’s T3 post hoc test (for equality of variances, P < 0.05). P < 0.05 was considered significant.

3. Results    
3.1 FUNDC1 elevated in both lung tissues and serum of COPD patients
The mRNA level of FUNDC1 was significantly increased in both lung tissues and serum of COPD patients (p<0.01 and p<0.0001, Fig.1A&1B). Meanwhile, the FUNDC1 mRNA level was negatively correlated with the FEV1/FVC% ratio (Fig.1E). Compared with control group, FUNDC1 protein expression was elevated in COPD patients (p<0.0001, Fig.1F). The levels of the ferroptosis marker GPX4 were decreased, whilst those of ACSL4 were increased in COPD patients (p<0.0001 and p<0.001, Fig.1G&1H). These data suggested higher levels of FUNDC1 and ferroptosis may be involved in the progression of COPD.
[image: human-2]
Figure 1. FUNDC1 elevated in both lung tissues and serum of COPD patients. (A). FUNDC1 mRNA level in the lung tissue; (B). FUNDC1 mRNA level in the serum; (C-E). Correlation between FUNDC1 mRNA level in the lung tissue and lung function index; (F-H). FUNDC1, GPX4 and ACSL4 protein levels in lung tissues. **p<0.01, ***p<0.001 and ****p<0.0001.

3.2 FUNDC1 impaired lung function, exacerbated inflammation and oxidative stress in COPD mice
Lung function parameters IC, FRC, TLC and Cchord were increased in CS-exposed mice compared to the control group (p<0.0001, p<0.01, p<0.0001, and p<0.001 respectively, Fig.2A-D). FEV25/FVC and FEV50/FVC ratios were decreased in CS-exposed mice (both p<0.001, Fig.2E-F), indicating increased airway resistance and obstructed airflow after CS exposure. FUNDC1-KD in mice reduced CS-induced IC, FRC, TLC and Cchord (p<0.01, p<0.001, p<0.01, and p<0.01 respectively, Fig.2A-D) and prevented the reduction in FEV25/FVC and FEV50/FVC (both p<0.01, Fig.2E-F). Knockdown of FUNDC1 protein in mouse lung was verified by Western blot (p<0.0001, Fig.2G). 
Representative images of alveolar destruction and airways are shown in Fig.2H-K&2L-O. Increases in Lm (p<0.0001, Fig.2P), Wat (p<0.0001, Fig.2Q) and inflammation scores (p<0.0001, Fig.2R) were observed in CS-exposed mice compared with control mice, but these changes were attenuated in CS-exposed FUNDC1-KD mice (p<0.0001, p<0.05, and p<0.0001 respectively, Fig.2P-R). 
Levels of pro-inflammatory markers, including tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and interleukin-1β (IL-1β), were upregulated in CS-exposed mice (all p<0.0001, Fig.2S-U) and all of these were decreased in CS-exposed FUNDC1-KD mice (p<0.0001, p<0.001, and p<0.0001 respectively, Fig.2S-U). Similarly, oxidative stress was elevated in CS-exposed mice, as evidenced by decreased serum glutathione (GSH) levels (p<0.001, Fig.2V) and elevated MDA levels (p<0.0001, Fig.2W). FUNDC1-KD reduced CS-induced oxidative stress measured by GSH and MDA levels (both p<0.01, Fig.2V-W). 
[image: HE_MASSON-2]
Figure 2. FUNDC1 impaired lung function, exacerbated inflammation and oxidative stress in COPD mice. (A-F). Lung function parameters (IC; FRC; TLC; Cchord; FEV25/FVC, FEV50/FVC); (G). FUNDC1 protein level in lung tissues; (H-O). H&E staining of mouse lung sections; (P). Mean linear intercept (Lm) of lung sections; (Q). Changes in airway thickness (Wae/Pbm); ®. Inflammatory score of lung sections; (S-U). mRNA levels of inflammatory factors in lung tissues; (V-W). Serum levels of GSH and MDA.**p<0.01, ***p<0.001 and ****p<0.0001.
3.3 FUNDC1 triggered ferroptosis in COPD mice
Representative images of iron staining are shown in Fig. 3A-D&3E-H. The levels of Fe2+ (p<0.0001, Fig.3Q) and Fe3+ (p<0.0001, Fig.3R) were both significantly increased in CS-exposed mice, indicating free iron overload in lung tissue. Lower levels of both Fe2+ and Fe3+ were observed in CS-exposed FUNDC1-KD mice (both p<0.0001, Fig.3Q-R). 
[bookmark: OLE_LINK2]Representative images of mitochondria in mouse lung tissues are presented in Fig.3I-L&3M-P. Compared with air-exposed mice, CS-exposed mice exhibited obvious mitochondrial damage, as evidenced by reduced mitochondrial length and area (all p<0.0001, Fig.3S-U), indicative of the shrunken mitochondria that are typical features of ferroptosis. In FUNDC1-KD mice, mitochondrial damage was less pronounced with fewer abnormal mitochondria and increased mitochondrial length and area (p<0.0001, p<0.001, and p<0.01 respectively, Fig.3S-U). Furthermore, CS-exposed mice showed reduced GPX4 expression (p<0.0001, Fig.3V) and elevated ACSL4 expression (p<0.0001, Fig.3W) compared with air-exposed mice. Both GPX4 and ACSL4 proteins were normalized in the CS-exposed FUNDC1-KD group (both p<0.0001, Fig.3V-W). 
[image: 小鼠电镜图]
[bookmark: OLE_LINK1]Figure 3. FUNDC1 triggered ferroptosis in COPD mice. (A-D). Staining for Fe2+ in lung sections; (E-H). Staining for Fe3+ in lung sections; (I-L). Transmission electron microscopy images of lung sections (4,000×); (M-P). Transmission electron microscopy images of lung sections (10,000×); (Q). Staining intensity of Fe2+ positive cells; (R). Staining intensity of Fe3+ positive cells; (S-U). Analysis of abnormal mitochondria; (V). GPX4 protein level; (W). ACSL4 protein level. **p<0.01,***p<0.001 and ****p<0.0001.

3.4 FUNDC1 inhibited mitophagy in COPD mice
[bookmark: OLE_LINK4]The LC3B-II/I ratio was increased (p<0.001 and p<0.0001, Fig.4A&4C) and TOM20 levels were decreased (both p<0.0001, Fig.4B&4D) in COPD patients and CS-exposed mice compared with their respectively controls. Representative images of mitochondria and autophagosomes in mouse lung sections are shown in Fig.4F-I&4J-M. In contrast to air-exposed mice, CS-exposed mice exhibited heightened mitophagy, with increased numbers of mitochondrial autophagosomes in type II alveolar epithelial cells (p<0.01, Fig.4E). FUNDC1-KD attenuated CSE-induced mitophagy indicated by decreased LC3B-II/I ratios, elevated TOM20 expression (p<0.01 and p<0.0001, Fig.4C&4D) and reduced numbers of mitochondrial autophagosomes.
[image: 小鼠自噬]
Figure 4. FUNDC1 inhibited mitophagy in COPD mice. (A-B). LC3B and TOM20 proteins in human lung tissues; (C-D). LC3B and TOM20 proteins in mouse lung tissues; (E). Number of autophagosomes; (F-I). Transmission electron microscopy images of mouse lung sections (4,000×); (J-M). Transmission electron microscopy images of mouse lung sections (10,000×). *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

3.5 FUNDC1 elevated inflammatory and oxidative stress levels in COPD cells 
FUNDC1-KD (Fig.5A) and FUNDC1-OE (p<0.0001, Fig.5I) A549 cell lines were constructed and confirmed by Western blot. Compared with untreated A549 cells, CSE exposure increased the mRNA levels of pro-inflammatory cytokines, IL-1β, IL-6, and TNF-α (all p<0.0001, Fig.5B-D), decreased GSH content (p<0.0001, Fig.5E), and elevated MDA, total ROS, and mitochondrial ROS levels (p<0.001, p<0.001, and p<0.0001 respectively, Fig.5F-H). FUNDC1-KD attenuated CSE-induced increases in pro-inflammatory cytokine (P<0.001, p<0.0001, and p<0.0001 respectively, Fig.5B-D) and oxidative stress markers (p<0.01, p<0.01, p<0.05 and p<0.0001 respectively, Fig.5E-H), while FUNDC1-OE further enhanced CSE-induced TNF-α (p<0.05, Fig.5L) and MDA (p<0.05, Fig.5N) expression. 

[image: 细胞炎症氧化应激]
Figure 5. FUNDC1 elevated inflammatory and oxidative stress levels in COPD cells. (A). FUNDC1 protein level in knockdown cell lines; (B-D). mRNA levels of inflammatory factors; (E-H). Levels of oxidative stress markers; (I). FUNDC1 protein level in overexpression cell lines; (J-L). mRNA levels of inflammatory factors; (M-P). Levels of oxidative stress markers. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

3.6 FUNDC1 triggered ferroptosis in COPD cells
Compared with control group, GPX4 expression was reduced (p<0.001, Fig.6A) and ACSL4 levels were upregulated (p<0.01, Fig.6B) in CSE-exposed cells. Both changes were reversed in the presence of FUNDC1-KD (both p<0.05, Fig.6A-B). Higher intracellular Fe2+ (p<0.0001, Fig.6C) and mitochondrial Fe2+ (p<0.0001, Fig.6D) signals were observed in CSE-treated cells compared with control cells, leading to iron-dependent ferroptosis with these changes being ameliorated by FUNDC1-KD (p<0.01 and p<0.0001, Fig.6C-D). Additionally, CSE exposure increased lipid peroxidation compared with that observed in the control cells (p<0.0001. Fig.6E) and these changes were decreased in the CSE-exposed FUNDC1-KD group (p<0.0001, Fig.6E). Not surprisingly, FUNDC1-OE exacerbated cell ferroptosis, characterized by upregulation of ACSL4 expression (p<0.05, Fig.6G), intracellular Fe2+ (p<0.05, Fig.6H) and mitochondrial Fe2+ levels (p<0.0001, Fig.6I) compared with the CSE-exposed cells. 
[image: 细胞铁死亡]
Figure 6. FUNDC1 triggered ferroptosis in COPD cells. (A-B). GPX4 and ACSL4 protein levels in FUNDC1 knockdown cell lines; (C-D). Intracellular Fe2+ and mitochondrial Fe2+ fluorescence intensity; (E). Lipid peroxidation content; (F-G). GPX4 and ACSL4 protein levels in FUNDC1 overexpression cell lines; (H-I). Intracellular Fe2+ and mitochondrial Fe2+ fluorescence intensity; (J). Lipid peroxidation content. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

3.7 FUNDC1 impaired mitochondrial function in COPD cells
Compared with control cells, CSE-exposed cells had increased LC3b II/I ratios (p<0.0001, Fig.7A), and reduced TOM20 level (p<0.01, Fig.7B). FUNDC1-KD inhibited mitophagy as evidenced by a decreased LC3B-II/I ratio (p<0.0001, Fig.7A) and by restoration of TOM20 protein expression (p<0.001, Fig.7B). Representative images of mitophagy dye and JC-1 staining for mitochondrial membrane potential are shown in Fig.7F-I&7J-M. Enhanced mitophagy-associated fluorescence (p<0.0001, Fig.7C), reduced membrane potential (p<0.0001, Fig.7D) and OCR (p<0.0001, Fig.7E) were observed in CSE-exposed cells compared with control cells. Knockdown of FUNDC1 in FUNDC1-KD cells effectively attenuated these CSE-induced changes by suppressing elevated mitophagy staining (p<0.0001, Fig.7C) and restoring both JC-1 and OCR levels (both p<0.0001, Fig.7D&7E). However, FUNDC1-OE did not further exacerbate CSE-induced mitophagy, loss of membrane potential or reduction in OCR (Fig.7N-R). 
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Figure 7. FUNDC1 impaired mitochondrial function in COPD cells. (A-B). LC3B and TOM20 protein levels in FUNDC1-KD cells; (C). Mitophagy fluorescence intensity in FUNDC1-KD cells; (D). JC-1 ratio in FUNDC1-KD cells; (E). Extracellular oxygen consumption in FUNDC1-KD cells; (F-I). Representative fluorescence images of Mitophagy dye in FUNDC1-KD cells (20×). (J-M). Representative fluorescence images of JC-1 merge in FUNDC1-KD cells (20×). (N-O). LC3B and TOM20 protein levels in FUNDC1-OE cells; (P). Mitophagy fluorescence intensity in FUNDC1-OE cells; (Q). JC-1 ratio in FUNDC1-OE cells; (R). Extracellular oxygen consumption in FUNDC1-OE cells; (S-V). Representative fluorescence images of Mitophagy dye in FUNDC1-OE cells (20×). (W-Z). Representative fluorescence images of JC-1 merge in FUNDC1-OE cells (20×). **p<0.01, ***p<0.001 and ****p<0.0001.

3.8 Transcriptomic Profiling revealed key pathways in COPD cells
Control, FUNDC1-KD, CSE-exposed, and CSE-exposed FUNDC1-KD A549 cells were used for RNA sequencing to identify altered biological processes and signaling pathways. There were 1727 differentially expressed genes (DEGs) between CSE-exposed and control cells, with 1,051 up-regulated and 676 down-regulated (Fig.8A). KEGG analysis indicated DEG enrichment in pathways including ferroptosis, MAPK, p53 and apoptosis (Fig. 8B). Compared with the CSE-exposed group, CSE-exposed FUNDC1-KD cells exhibited 205 up-regulated and 544 down-regulated genes (Fig.8C). These DEGs were predominantly enriched in metabolic, MAPK and ferroptosis pathways (Fig.8D).
A Venn diagram comparing CSE-exposed and CSE-exposed FUNDC1-knockdown cells is shown in Fig. 8E. KEGG analysis of the 140 overlapping genes revealed enrichment in ferroptosis, mitophagy, MAPK, apoptosis and related pathways (Fig.8F). Further analysis of the MAPK pathway revealed that JNK expression was up-regulated in the CSE-exposed group. 
CSE exposure increased JNK phosphorylation levels, which was attenuated in FUNDC1-KD cells (p<0.0001, Fig. 8G). Therefore, the JNK pathway may be a potential cellular signaling pathway for FUNDC1 induced ferroptosis. Next, the JNK inhibitor SP6001 (10mM) was used to intervene in control and CSE-exposed FUNDC1-OE cell lines and its efficacy in suppressing JNK phosphorylation was confirmed by Western blot (p<0.0001, Fig. 8H). 
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Figure 8. Transcriptomic Profiling revealed key pathways in COPD cells. (A). Differential genes between control and CSE groups; (B). KEGG enrichment analysis; (C). Differential genes between CSE group and FUNDC1-KD CSE-exposed group; (D). KEGG enrichment analysis; (E). Venn diagram; (F). KEGG enrichment analysis; (G-H). JNK and phospho-JNK protein levels. ****p<0.0001.

3.9 JNK inhibitor SP6001 inhibited ferroptosis and restored mitochondrial function in COPD cells
[bookmark: OLE_LINK3]FUNDC1-OE cell lines were pretreated with the JNK inhibitor SP6001 (10mM) prior to CSE exposure. SP6001 significantly reduced CSE-induced increases in cellular and mitochondrial ROS (p<0.05 and p<0.01, Fig. 9A&9B) compared with CSE-exposed FUNDC1-OE cells. The down-regulated GPX4 levels (p<0.0001, Fig.9C) and up-regulation of ACSL4 levels (p<0.0001, Fig.9D) in CSE-exposed FUNDC1-OE cells could be prevented by SP6001 pretreatment (both p<0.0001, Fig.9C-D). Moreover, SP6001 alleviated ferroptosis by reducing intracellular Fe2+, mitochondrial Fe2+, and lipid peroxidation (all p<0.0001, Fig.9E-G) in CSE-exposed FUNDC1-OE cells. 
JNK inhibition also improved mitochondrial function. Pretreatment with SP6001 reduced JC-1 value and restored OCR (both p<0.0001, Fig.9H&9I), representative JC-1 merged images are shown in Fig.9M-P. Furthermore, SP6001 treatment effectively alleviated mitophagy. Representative images of mitophagy dye staining are presented in Fig.9Q-T. The LC3B-Ⅱ/Ⅰ ratio and mitophagy fluorescence intensity were reduced (p<0.01 and p<0.0001, Fig.9J&9L) and TOM20 level was restored (Fig.9K) after treatment with SP6001 compared to CSE-exposed FUNDC1-OE group. 
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Figure 9. JNK inhibitor SP6001 inhibited ferroptosis and restored mitochondrial function in COPD cells. (A-B). ROS and mito-ROS levels; (C-D). GPX4 and ACSL4 protein levels; (E-F). Intracellular Fe2+ and mitochondrial Fe2+ fluorescence intensity; (G). Lipid peroxidation content; (H). JC-1 ratio; (I). Extracellular oxygen consumption; (J-K). LC3B and TOM20 protein levels; (L). Mitophagy fluorescence intensity; (M-P). Representative fluorescence images of Mitophagy dye; (Q-T). Representative fluorescence images of JC-1 merge; *P<0.05, **P<0.01 and ****P<0.0001.

4. Discussion
Growing evidence indicates ferroptosis significantly contributes to the pathogenesis of lung diseases [16,17] and that mitophagy contributes to ferroptosis [26]. In this present study, we unveil a crucial connection between FUNDC1, a mitophagy receptor, and ferroptosis in CS-induced COPD. We found that FUNDC1 was highly expressed in both lung tissues and serum of COPD patients, with its expression levels correlating negatively with FEV1/FVC. In a CS-induced COPD mouse model, CS exposure triggered airway inflammation, impaired pulmonary function, promoted Fe2+ accumulation, and enhanced lipid peroxidation. Genetic knockdown of FUNDC1 prevented these CS-induced lung injuries in mice. Similar results were seen in A549 cells. CSE exposure increased FUNDC1 expression, causing pro-inflammatory responses, altered redox responses, disrupted mitochondrial function, elevated Fe2+ levels and lipid peroxidation, and ultimately induced ferroptosis. All of these changes could be reversed by FUNDC1 knockdown. In contrast, overexpression of FUNDC1 exacerbated CSE-induced cell damage and ferroptosis. Moreover, pharmacological inhibition of JNK with SP6001 attenuated oxidative stress, reduced mitophagy, decreased the expression of mitophagy-related proteins and improved mitochondrial membrane potential and OCR in CSE-exposed FUNDC1-OE cells. These findings highlight FUNDC1 as a potential therapeutic target for preventing mitochondrial dysfunction and ferroptosis in COPD, thereby slowing disease progression.
Cigarette smoking is a major cause and driver of COPD pathophysiology and of exacerbations [27]. CS exposure induces oxidative stress in lung epithelial cells, a process closely intertwined with mitochondrial dysfunction and ultimately linked to the development of COPD [5]. Mitochondria selectively degrade damaged mitochondria through mitophagy, which plays an important role in maintaining homeostasis [28]. Previous studies have implicated FUNDC1 in the pathogenesis of several pulmonary disorders [9-11]. High expression of FUNDC1 can increase mitophagy, cell proliferation and cell damage [10]. Consistent with these reports, we observed FUNDC1 was highly expressed in COPD patients, CS-exposed mouse models, and CSE-treated A549 cells. Long-term CS exposure induces inflammatory cell infiltration, elevated pro-inflammatory mediators, such as IL-1β, IL-6 and TNF-α, and oxidative stress, leading to airway narrowing and stiffening of the alveoli and lung tissue in COPD mice [5]. Genetic knockdown of FUNDC1 significantly inhibited CS-induced lung inflammation and prevented pulmonary function decline and alveolar damage. Moreover, our in vitro experiments showed similar results, with FUNDC1-KD protecting A549 cells against CSE exposure and reducing inflammation and oxidative stress levels. These data confirmed FUNDC1 as a key participant in CS-mediated COPD pathogenesis both in vivo and in vitro.
In addition, changes in FUNDC1 levels significantly impacted the occurrence of ferroptosis in CS-induced lung injury. Studies have shown that ferroptosis is linked to a variety of degenerative diseases [18,19,29]. A previous study reported that a reduction in FUNDC1 expression could alleviate ferroptosis in CCl4-induced mouse liver injury [9]. In the current study, ferroptosis was evidenced by the aberrant expression of ferroptosis-related proteins, elevated iron and lipid peroxidation, and abnormal mitochondrial morphology in a COPD mouse model. The reduction in GPX4 activity disrupted redox balance, while increased ACSL4 drove lipid peroxidation, thereby inducing ferroptosis [30]. CS exposure induced mitochondrial shrinkage and increased membrane density in mouse lung tissue [31], which is a key morphological feature of ferroptosis. The current investigation also explored the impact of FUNDC1 on ferroptosis in A549 cells. There were similar results in A549 cells: CSE exposure exacerbated ferroptosis, including the aberrant expression of ferroptosis-related proteins, enhanced oxidative stress, iron accumulation and lipid peroxidation. Knockdown of FUNDC1 not only improved inflammation, oxidative stress, and mitochondrial morphology, but also attenuated CSE-induced ferroptosis, characterized by lower levels of ferroptosis-related proteins, free iron and lipid peroxidation. 
Mitochondria serve as metabolic hubs that regulate lipid and iron homeostasis, thus playing a crucial role in ferroptosis regulation [32-34]. Mitochondria are highly sensitive to oxidative stress, therefore, prolonged exposure to stress, such as CS, can cause structural and functional mitochondrial damage and the accumulation of mitochondrial debris [12,35]. Iron overload could lead to mitochondrial dysfunction, evidenced by increased mitochondrial ROS, enhanced mitophagy, membrane depolarization, and reduced OCR. This pool of dysfunctional mitochondria may amplify oxidative stress and lipid peroxidation [36,37], thereby driving ferroptosis and contributing to lung injury [38,39]. Knockdown of FUNDC1 expression in A549 cells and in a mouse model of COPD improved mitochondrial function, including reduced mitochondrial ROS and mitophagy, restored mitochondrial membrane potential and OCR. Our findings demonstrated the crucial role of mitochondria in CS-induced ferroptosis, which requires further investigation. 
To further understand the cell signaling pathway underlying FUNDC1-mediated ferroptosis after CSE exposure, we performed transcriptomic profiling and identified activation of the JNK-pathway following CSE exposure. This pathway activation was inhibited in CSE-exposed FUNDC1-KD cells, indicating that the JNK pathway may be downstream of FUNDC1 and be involved in CSE-induced ferroptosis. MAPKs are part of the serine–threonine kinase family and play crucial roles in various cellular processes, including proliferation, differentiation, cell cycle arrest, survival, and apoptosis [40]. Accumulating evidence indicates a strong association between MAPK and ferroptosis [41-44]. We demonstrated that JNK activation was associated with high expression of FUNDC1 and mitochondrial dysfunction in A549 cells. The JNK pathway was activated in response to CSE stress, correlating with mitochondrial dysfunction, oxidative stress and iron overload, which in turn contributed to ferroptosis. Pharmacological inhibition of JNK with SP6001, a broad-spectrum inhibitor of JNK, attenuated these alterations and ferroptosis. However, apart from the JNK pathway, other signaling pathways and factors have also been implicated in ferroptosis, such as the p38 MAPK [45], Nrf2/HIF-1/TF pathway [20], CPT1A and the NRF2/GPX4 system [21], the PI3K/AKT/mTOR pathway [46]. Overall, our data revealed FUNDC1 is a key regulator of ferroptosis in COPD through activation of the JNK pathway. This insight not only deepens our understanding of the molecular mechanisms of COPD, but also provides a mechanistic foundation for combination therapies targeting FUNDC1 and ferroptosis. 
Our study has several limitations. First, although we identified a pivotal role for the mitochondrial control system in ferroptosis, its precise functional significance requires deeper exploration, which is being planned. Second, we have demonstrated that FUNDC1 promoted ferroptosis in a mouse model of COPD and in CSE-exposed A549 cells. Future work should extend these findings to additional models and to distinct cell types including primary human bronchial and alveolar epithelial cells. Finally, to more accurately replicate the physiological state of lung cells in vivo, 3D air-liquid interface (ALI) culture should be performed. 

5. Conclusion
In conclusion, the FUNDC1-JNK-ferroptosis axis plays an important role in CS-induced in vivo and in vitro models of by linking inflammation, oxidative stress, and mitochondrial dysfunction. Inhibition of this nexus can prevent CS-related lung injury and cell death, offering a promising therapeutic strategy for COPD.
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