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Background: Oxygen supplementation is essential for patients with a multitude of diseases but can cause severe hyperoxia-induced 
lung injury (HLI), necessitating the identification of therapeutic targets to improve clinical outcomes. Cuproptosis, a novel copper- 
dependent form of cell death characterized by proteotoxic stress resulting from lipoylated protein aggregation and loss of iron-sulfur 
cluster proteins, is distinct from other forms of cell death. However, the role of cuproptosis in HLI remains unclear.
Methods: We established an HLI model in MLE-12 cells and C57BL/6 mice to investigate the involvement of cuproptosis in 
hyperoxia-induced toxicity.
Results: We observed a time-dependent increase in the cuproptosis-related gene Fdx1 under hyperoxia. Moreover, hyperoxia activated 
the membrane-associated copper transporter SLC31A1 and significantly elevated copper levels in MLE-12 cells, as well as in the 
serum and lung tissue of C57BL/6 mice. Further analysis revealed that hyperoxia significantly altered the expression of cuproptosis- 
related genes without affecting DLAT levels, but significantly increased lipoylated-DLAT levels. ELISA, CCK-8 assays, HE staining, 
lung wet-to-dry weight ratio, and bronchoalveolar lavage fluid analysis demonstrated that treatment with the cuproptosis inhibitor 
TTM reduced pro-inflammatory cytokines (TNF-α and IL-1β) and alleviated hyperoxia-induced injury in both MLE-12 cells and 
C57BL/6 mice.
Conclusion: Our study identifies the involvement of cuproptosis in HLI, providing new insights into the pathogenesis of hyperoxic 
lung injury and potential therapeutic strategies.
Keywords: hyperoxia, lung injury, hyperoxia-induced lung injury, cuproptosis, copper, FDX1

Introduction
Oxygen supplementation is a vital, life-saving therapy for patients with hypoxemia by enhancing arterial oxygen 
saturation.1 However, prolonged exposure to high oxygen levels can cause severe hyperoxia-induced lung injury 
(HLI), a condition linked to postoperative pulmonary complications and prolonged hospitalization.2 Oxygen participates 
in energy metabolism and is prone to forming reactive oxygen species (ROS), which can accumulate excessively and 
overwhelm cellular antioxidant defenses, leading to oxidative damage within cellular structures.3,4 Despite years of 
research, the fundamental molecular mechanisms underlying HLI continue to be largely unknown, highlighting the need 
to identify key therapeutic targets for improving clinical outcomes. A comprehensive understanding of how hyperoxia 
induces lung injury is crucial for the effective management of patients requiring supplemental oxygen.

Type II alveolar epithelial cells are essential for maintaining the integrity of the pulmonary epithelium, serving as 
progenitor and immune cells involved in epithelial repair and regeneration.5,6 Their dysfunction in response to various 
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stimuli is closely associated with lung injury and represents a key target in HLI.7 MLE-12 cells, derived from murine 
lung epithelium, are commonly used as a model for type II alveolar epithelial cells, providing a valuable system to 
investigate the mechanisms underlying HLI.

Copper plays a critical role as a cofactor for essential body enzymes, regulating various physiological processes.8 

Cuproptosis, a newly discovered form of copper-dependent cell death in 2022, is distinct from well-known pathways 
such as apoptosis, pyroptosis, autophagy, and ferroptosis. Its mechanism primarily involves copper ions binding to 
lipoylated components of the tricarboxylic acid (TCA) cycle through the FDX1-dependent pathway, leading to clustering 
of lipoylated proteins, depletion of Fe-S cluster-containing proteins, and induction of HSP70, indicative of acute 
proteotoxic stress.9

As early as 1998, a study showed that an excess of copper ions is closely associated with biological damage and 
oxidative stress.10 Copper ions not only participate in Fenton-like reactions, promoting ROS generation, but also bind to 
the major intracellular antioxidant glutathione (GSH), diminishing the cellular antioxidant capacity,11,12 which has been 
implicated in the potential exacerbation of HLI.13 Cytochrome P450 (CYP) enzymes, a class of oxidases, can release 
ROS during the uncoupling steps of their reaction cycle, contributing to oxidative stress.14 Adrenodoxin, encoded by 
Fdx1, plays a crucial role in this process by providing essential electrons to mitochondrial CYP enzymes, enhancing their 
catalytic activity.15 The lack of CYP1B1 has been shown to mitigate the lung response to hyperoxia in adult mice.16 

Additionally, a study has indicated that hyperoxia may destabilize Fe-S cluster-containing proteins.17 These findings 
collectively imply a potential involvement of cuproptosis in HLI development, yet its precise role and underlying 
mechanisms remain to be fully clarified.

In this study, we established an HLI model using MLE-12 cells and C57BL/6 mice and used the copper chelator TTM 
to investigate the role of cuproptosis in HLI pathogenesis. Hyperoxia exposure altered the expression of multiple 
cuproptosis-related genes, with notable increases in copper content, upregulation of the copper importer SLC31A1, 
and significantly elevated levels of FDX1 and lipoylated DLAT. These findings confirm the involvement of cuproptosis in 
HLI. Treatment with TTM effectively reduced hyperoxia-induced injury, suggesting that targeting cuproptosis may 
represent a promising therapeutic strategy for HLI prevention.

Materials and Methods
Cell Culture
The MLE-12 cell line, purchased from FuHeng Biology (China), was cultured in high-glucose DMEM (G4524, 
Servicebio) supplemented with 1% streptomycin-penicillin (G4003, Servicebio) and 10% fetal bovine serum (AB- 
FBS-1050, Abwbio). Cells were maintained at 37°C in a humidified incubator with 5% CO2. Subconfluent cells were 
plated and allowed to adhere for 24 hours before treatment. Hyperoxia was induced by placing the cells in a sealed 
chamber with 95% O2 and 5% CO2, while control cells were cultured under normal conditions of 95% room air and 5% 
CO2. The copper chelator tetrathiomolybdate (TTM) was purchased from Sigma-Aldrich. A stock solution of TTM was 
prepared using dimethyl sulfoxide (DMSO), and the final working solution, with a DMSO concentration below 0.01%, 
was applied to cells. Cells were pretreated with 4 µM of TTM for 30 minutes before exposure to hyperoxia or normoxia.

Treatment of Animals
Male C57BL/6 mice (6–8 weeks old, 15–18g) were purchased from Lanzhou University. All experiments were conducted 
following the Guidelines for the Ethical Review of Laboratory Animal Welfare of the People’s Republic of China (GB/T 
35892–2018) and were approved by the Animal Ethics Committee of the First Hospital of Lanzhou University 
(LDYYLL2024-210). Mice were randomly divided into four groups, with six mice per group (n = 6): Normoxia, 
Normoxia + TTM, Hyperoxia, and Hyperoxia + TTM. The Hyperoxia and Hyperoxia + TTM groups were exposed to 
hyperoxic conditions (85% O2) in a sealed plexiglass chamber (22 °C, 50–70% humidity) for 7 days, while the Normoxia 
and Normoxia + TTM groups were kept in room air (21% O2). Additionally, mice in the Hyperoxia + TTM group 
received 40 mg/kg of TTM via oral gavage once a day for 7 days. Mice in the Normoxia + TTM group received double- 
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distilled water containing 1.36% DMSO via oral gavage as a vehicle control. After 7 days of exposure, mice were 
euthanized, and blood, bronchoalveolar lavage fluid (BALF), and lung tissues were collected for further analysis.

Cell Viability Assessment
Cell viability was assessed utilizing the Cell Counting Kit-8 (CCK-8, G4103 Servicebio). MLE-12 cells were seeded at 
1×105 cells per well in 96-well plates and treated with the designated agents for the specified durations. Following 
treatment, 100 μL of fresh medium along with 10 μL of CCK-8 solution were added to each well. The cells were then 
incubated in a 5% CO2 incubator at 37°C for 2 hours. The absorbance at 450 nm was measured using a microplate reader 
(BioTek, SynergyH1).

Total Cells and Protein Concentration in BALF
After modeling, mice were anesthetized, and blood was collected via the abdominal aorta for euthanasia. The diaphragm 
was then incised to induce pneumothorax and expose the thoracic cavity. The trachea was exposed, and the left bronchus 
was ligated. Subsequently, 0.5 mL of PBS was instilled three times into the right lung and gently aspirated. The BALF 
was centrifuged, and the supernatant was collected for protein analysis using a BCA assay. The cell pellet was 
resuspended in 1 mL of PBS, mixed thoroughly, and the cells were counted.

Wet/Dry Lung Weight Ratio
The left lung tissue was collected and immediately weighed to obtain the wet weight. It was then dried at 60°C for 48 
hours and reweighed to determine the dry weight. The wet/dry weight ratio was calculated.

Histopathology of Lung Tissue
The left lung tissue was fixed in 4% paraformaldehyde at room temperature for 24 hours. After dehydration, the tissue 
was embedded in paraffin and sectioned into 4 μm sections, which were stained with hematoxylin and eosin (H&E). 
Histopathological changes were assessed using optical microscopy. Quantitative analyses were performed using Image- 
Pro Plus 6.0, measuring the average linear intercept (MLI), radial alveolar count (RAC), and alveolar septal thickness 
(AST) in images with a 100 μm scale bar to assess alterations in alveolar size, number, and septal thickness. MLI 
estimates average alveolar size by dividing the total line length by the number of intercepts between alveolar walls. RAC 
evaluates alveolar structure by counting the number of alveoli along a radius from a respiratory bronchiole to the nearest 
connective tissue septum. AST measures the thickness of alveolar septa by assessing the distance between adjacent 
alveolar walls, helping to evaluate structural changes in the lung. Six tissue sections were selected from each group, and 
three fields of view were randomly chosen from each section for analysis.

Copper Content Detection
Copper content in cells was measured using the Cell Copper Colorimetric Assay Kit (E-BC-K775-M, Elabscience), and 
copper content in serum and lung tissue was assessed with the Copper Colorimetric Assay Kit (E-BC-K300-Me, 
Elabscience). All procedures were performed according to the kit instructions.

Enzyme-Linked Immunosorbent Assay (ELISA)
Levels of TNF-α and IL-1β in cells and BALF were measured according to the guidelines provided by the TNF-α 
(JL10484, Jonlnbio) and IL-1β (JL18442, Jonlnbio) ELISA kits.

RNA Extraction and Quantitative PCR
RNA was extracted using Trizol reagent, followed by reverse transcription with the PrimeScript™ RT Reagent Kit, which 
includes a gDNA Eraser (RR047A, Takara). Quantitative PCR (qPCR) was performed using TB Green Premix Ex Taq™ 
(RR820A, Takara) on the CFX96 Real-Time PCR Detection System (Bio-Rad). Relative gene expression was normalized 
to β-actin and calculated using the 2(−ΔΔCt) method. Detailed information about the qPCR primers is provided in Table 1.
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Western Blotting Analysis
Cells and lung tissue were lysed for protein quantification, followed by separation and transfer of proteins to PVDF 
membranes. Membranes were incubated at 4°C overnight with primary antibodies: anti-DLAT (SAB, 1:1,000, #56637), 
anti-SLC31A1 (SAB, 1:1,000, #52861), anti-FDX1 (Abcam, 1:2,500, ab209809), anti-Lipoic Acid (Abcam, 1:3,000 
ab58724), and anti-β-ACTIN (ABclonal, 1:50,000, AC038). Densitometric analysis of protein bands was performed 
using ImageJ2 software (version 2.9.0/1.53t), and the relative protein expression levels were normalized to β-ACTIN.

Statistical Analysis
All statistical analyses were conducted using GraphPad Prism 9 software. Data are presented as mean ± standard error of 
the mean (SEM). An unpaired t-test was used to compare two independent samples, while one-way ANOVA was 
employed for multiple group comparisons. Statistical significance was defined as p < 0.05.

Results
Hyperoxia Induces Injury and Increases Copper Content in MLE-12 Cells
To investigate the effect of hyperoxia on MLE-12 alveolar epithelial cells, we assessed cell proliferation under normoxic 
and hyperoxic conditions. Cells were cultured for 24, 48, and 72 hours, and proliferation was evaluated using CCK-8 
assays (Figure 1A). The results indicated that hyperoxia significantly reduced cell proliferation compared to normoxia. 
To explore the potential role of copper in this process, we measured intracellular copper content (Figure 1B). Copper 
levels increased significantly under hyperoxia, peaking at 48 hours. Based on this, we selected 48 hours as the optimal 
time point for subsequent cell experiments. Additionally, to evaluate the impact of 48 hours of continuous hyperoxia 
exposure on MLE-12 cells, we measured the levels of inflammatory cytokines TNF-α and IL-1β in the cell culture 
supernatants using ELISA (Figure 1C and D). The results showed that hyperoxic stimulation significantly elevated these 
pro-inflammatory cytokines.

Copper Chelator Alleviates Hyperoxia-Induced Injury in MLE-12 Cells
To further explore the involvement of copper in hyperoxia-induced injury in MLE-12 cells, we used the copper chelator 
TTM. Pretreatment with the cuproptosis inhibitor TTM under hyperoxic conditions significantly enhanced cell prolifera-
tion (Figure 2A). Furthermore, compared to the normoxia group, copper levels in the hyperoxia group significantly 
decreased after TTM treatment, accompanied by a reduction in pro-inflammatory cytokine levels (Figure 2B–D). These 
findings suggest that the copper chelator can alleviate hyperoxia-induced cellular inflammation. Additionally, we 
assessed Fdx1 mRNA expression using qRT-PCR and found a significant increase with prolonged hyperoxia exposure 

Table 1 The qPCR Primer Sequences

Targets Forward 5′-3′ Reverse 5′-3′

Fdx1 ACAGACAGGAACCTGGAAGACC GAGACAATCTGTATGGGGTGGTT
Lias GCCGACGTGGACTGTTTAACTC AAGATCGCACCAAAGGACCAC

Lipt1 AGAATCCGTGGCAGGAATGTAA AAAGAAGGTGAGGTTGATGTTACCC

Dld TAGAGAAGATGATGGAGCAGAAGCA TTTGGTATCAATAACCTGAGTGCTG
Dlat GTCTGAAAGTTCCCGAAGCAA GGAGGCTAAAGAAACAACATCACT

Pdha1 ACCAGAGAGGATGGGCTCAAGT AGGTGGTCCGTAGGGTTTATGC

Pdhb AAGAAGTTGCCCAGTATGACGGT GCTTGCATAGAGAAATTGAAGGTCA
Gls AGTCTGGAGGGAAGGTTGCTG GGGGTTTTACACAGGACTGAAGA

Mtf1 GGATGATGAAGACGATGGACAGT CGCTTTACTTCTTTCCGTTTCG
Cdkn2a GGTGATGATGATGGGCAACG TCGCACGATGTCTTGATGTCC

Slc31a1 GTATGTCAACGCCATGCAC GATGCCATTCATGAGTCTG

Atp7b CCAGCATTCATCTCTCCAAGAGGAC AAGAGACGAGAGCACCACAGAGACAG
Hsp70 CCGACAAGGAGGAGTTCGTG ACAGTAATCGGTGCCCAAGC

β-Actin AAATCTGGCACCACACCTTCTAC CAGCCTGGATAGCAACGTACAT
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compared to normoxia (Figure 2E). The protein expression exhibited a similar trend, as demonstrated by Western blotting 
(Figure 2F and G), indicating that cuproptosis may be involved in hyperoxia-induced injury in MLE-12 cells.

Cuproptosis Involved in Hyperoxia-Induced Injury in MLE-12 Cells
To determine whether hyperoxia induces cuproptosis in MLE-12 cells, we assessed the expression of cuproptosis-related 
genes using qRT-PCR (Figure 3A–M). Under hyperoxic conditions, mRNA levels of Fdx1, Lias, Lipt1, Dld, Gls, Mtf1, 
Cdkn2a, Slc31a1, Atp7b, and Hsp70 were significantly upregulated. In contrast, Pdha1 and Pdhb were notably down-
regulated compared to the normoxic controls. Pretreatment with TTM before the hyperoxia exposure effectively reversed 
these gene expression changes. At the protein level, FDX1 and SLC31A1 showed similar trends. Although hyperoxia did 
not affect Dlat mRNA and protein levels, it significantly increased the protein level of lipoylated-DLAT, which was 
markedly reduced by TTM pretreatment administered before hyperoxia exposure (Figure 3N and O).

Copper Chelator Alleviates Hyperoxia-Induced Lung Injury in Mice
To evaluate the protective effects of TTM on hyperoxia-induced lung injury in mice, multiple assessments were 
conducted. Histopathological examination of lung tissues using HE staining revealed significant lung injury, including 
alveolar hemorrhage, inflammatory cell infiltration, and thickened, edematous alveolar septa, after 7 days of hyperoxia 
exposure. In contrast, TTM treatment mitigated these injuries, resulting in less alveolar hemorrhage, decreased inflam-
matory infiltration, and attenuated alveolar edema (Figure 4A). Significantly higher MLI, AST, and RAC values were 

Figure 1 Hyperoxia exposure induces inflammatory responses and increases intracellular copper content in MLE-12 cells. (A) Cell proliferation quantified by CCK-8 assay. 
(B) Copper concentration within cells. (C) TNF-α levels in culture supernatants. (D) IL-1β levels in culture supernatants. The data were expressed as mean ± SEM, n = 3. 
*P<0.05, **P<0.01, ****P< 0.0001 versus normoxia group.
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observed in the Hyperoxia group compared to the Normoxia group, all of which were effectively reduced by TTM 
treatment (Figure 4B–D). The wet/dry weight ratio was significantly increased in the Hyperoxia group but was decreased 
with TTM treatment (Figure 4E). Total cell count and protein concentration in BALF were also significantly elevated in 

Figure 2 The copper chelator TTM attenuates hyperoxia-induced injury, reduces intracellular copper content, and upregulates the cuproptosis-related gene Fdx1 in MLE-12 
cells. (A) Cell proliferation quantified by CCK-8 assay. (B) Copper concentration within cells. (C) TNF-α levels in culture supernatants. (D) IL-1β levels in culture 
supernatants. (E) Quantitative reverse transcription PCR analysis of Fdx1 in cells. (F) Western blot analysis of FDX1 in cells. (G) Densitometric analysis of FDX1 in cells. The 
data were expressed as mean ± SEM, n = 3. *P<0.05, **P<0.01, ***P<0.001, ****P< 0.0001 versus normoxia group.
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the Hyperoxia group, but both decreased following TTM treatment (Figure 4F and G). To further assess the anti- 
inflammatory effects of TTM, ELISA was performed to measure TNF-α and IL-1β levels in BALF. These pro- 
inflammatory cytokines were elevated after hyperoxia exposure but reduced with TTM treatment (Figure 4H and I). 
Moreover, copper levels in serum and lung tissues were significantly increased under hyperoxia but decreased with TTM 
treatment (Figure 4J and K). Mice in the Hyperoxia group showed slower weight gain, which was partially improved by 
TTM treatment (Figure 4L). In summary, these findings indicate that hyperoxia induces lung inflammation, while TTM 
exhibits anti-inflammatory effects, suggesting that cuproptosis may be involved in this process.

Cuproptosis Involved in Hyperoxia-Induced Lung Injury in Mice
To determine whether hyperoxia induces cuproptosis in a manner similar to that observed in MLE-12 cells, we assessed 
the expression of cuproptosis-related genes in lung tissue using qRT-PCR (Figure 5A–M). Under hyperoxic conditions, 
mRNA levels of Fdx1, Lias, Lipt1, Dld, Gls, Mtf1, Cdkn2a, Slc31a1, Atp7b, and Hsp70 were significantly upregulated, 
while Pdha1 and Pdhb were notably downregulated, compared to the normoxic controls. Treatment with TTM for 7 days 
effectively reversed these gene expression changes. At the protein level, FDX1 and SLC31A1 showed similar trends. 

Figure 3 Continued.
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Although hyperoxia did not affect Dlat mRNA and protein levels, it significantly increased the protein level of 
lipoylated-DLAT, which was markedly reduced by TTM treatment (Figure 5N and O).

Discussion
Hyperoxia is commonly administered in various medical settings, but excessive oxygen exposure can lead to adverse 
outcomes, including increased mortality and lung injury characterized by disrupted mechanics and inflammation.18–20 

Despite extensive research, the molecular mechanisms underlying HLI remain unclear. This study is the first to explore 
the potential role of cuproptosis in the development of HLI. Our findings demonstrated that hyperoxia significantly 
increased copper levels in MLE-12 cells, as well as in the lung tissue and serum of mice. Notably, a recent study showed 
that copper accumulation disrupted mitochondrial respiration through the TCA cycle and induces cuproptosis.9 Previous 
research has implicated cuproptosis in the pathogenesis of various lung diseases, such as bronchopulmonary dysplasia, 
idiopathic pulmonary fibrosis, and lung cancer.21–25 Therefore, we aimed to verify whether this novel form of cell death 
is involved in the pathogenesis of HLI.

Moreover, our analysis revealed a marked upregulation of both mRNA and protein levels of the copper importer 
SLC31A1 following hyperoxia exposure, indicating that hyperoxia may promote copper accumulation and lead to copper 
overload. As a critical copper transport protein, SLC31A1 plays a pivotal role in maintaining cellular copper home-
ostasis. We speculate that the increased expression of SLC31A1 observed in this study contributes to the copper overload 
during HLI.

To determine whether cuproptosis is involved in HLI, we examined Fdx1 expression levels through qRT-PCR and 
Western blot. Our results demonstrated a significant, time-dependent increase in Fdx1 mRNA and protein expression 
under prolonged hyperoxia, compared to the normoxic conditions. FDX1, a mitochondrial reductase, reduces Cu2+ to its 

Figure 3 Effects of hyperoxia on the expression of cuproptosis-related genes and proteins in MLE-12 cells. (A-M) Quantitative reverse transcription PCR analysis of 
cuproptosis-related genes: Fdx1, Lias, Lipt1, Dld, Dlat, Pdha1, Pdhb, Gls, Mtf1, Cdkn2a, Slc31a1, Atp7b, and Hsp70 in cells. (N) Western blot analysis of DLAT, Lip-DLAT, 
SLC31A1, FDX1 in cells. (O) Densitometric analysis of DLAT, Lip-DLAT, SLC31A1, and FDX1 in cells. The data were expressed as mean ± SEM, n = 3. *P<0.05, **P<0.01, 
***P<0.001.
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more toxic form, Cu1+, thereby participating in various biosynthetic pathways.26 Moreover, FDX1 acts as an upstream 
regulator of DLAT lipoylation, which is essential for cuproptosis. It is also a direct target of the copper ionophore 
elesclomol.27 Notably, knocking out FDX1 partially shields cells from copper-induced toxicity, suggesting its involve-
ment in copper-related cell damage. In contrast, increased copper levels in wild-type cells and copper toxicity models led 
to reduced protein levels of FDX1, DLAT, and lipoylated DLAT, indicating that elevated copper levels may downregulate 
FDX1 and provide a protective effect against copper toxicity.9 This creates a contradictory relationship, where FDX1 is 

Figure 4 Continued.
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involved in promoting cell death under certain conditions, while its reduction may lead to enhanced cell survival under 
high copper exposure. Thus, it is worthwhile to delve into the role of FDX1 in various disease models.

In our study, hyperoxia did not affect DLAT protein levels but significantly increased lipoylated DLAT levels in the 
hyperoxia group. These findings are consistent with a recent study in a chicken liver model, which also observed elevated 
lipoylated DLAT levels under natural copper stress, without changes in DLAT levels.28 While our findings differ in 
certain aspects from previous studies, they underscore that the specific mechanisms of cuproptosis are influenced by 
various factors.

Genes associated with cuproptosis include Fdx1, Lias, Lipt1, Dld, Dlat, Pdha1, Pdhb, Gls, Mtf1, and Cdkn2a. Among 
these genes, Lias, Lipt1, and Dld are associated with the lipoic acid pathway, while Dlat, Pdha1, and Pdhb are 
components of the pyruvate dehydrogenase (PDH) complex. The lipoic acid pathway and the PDH complex both play 
essential roles in the regulation of cuproptosis.9 Lipoic acid, an organosulfur compound derived from caprylic acid, 
serves as an essential cofactor for several mitochondrial multi-enzyme complexes that facilitate aerobic metabolism.27 Its 
robust antioxidant capabilities help counteract reactive oxygen species and support other antioxidants.29 These features 
make it a potential treatment for oxidative stress-related conditions, such as atherosclerosis, diabetes, neurodegenerative 
disorders, and heavy metal toxicity.30–33 The PDH complex oxidizes pyruvate to acetyl-CoA, providing substrate for the 
TCA cycle and facilitating cellular energy production from glycolysis.34 Studies have shown that disruptions in PDH 
metabolism can elicit oxidative stress.35,36

Figure 4 The copper inhibitor TTM attenuates lung injury, decreases copper content, and improves growth in C57BL/6 mice under hyperoxic conditions. 
(A) Histopathological changes in lung tissue (upper: ×400; scale bar, 50 μm; lower: ×200; scale bar, 100 μm). (B) Semi-quantitative pathology score of MLI in lung tissue. 
(C) Semi-quantitative pathology score of RAC in lung tissue. (D) Semi-quantitative pathology score of AST in lung tissue. (E) Lung wet/dry weight ratio. (F) Total cell count 
in BALF. (G) Total protein concentration in BALF. (H) Levels of TNF-α in BALF. (I) Levels of IL-1β in BALF. (J) The concentrations of copper in serum. (K) The 
concentrations of copper in lung tissue. (L) Body weight changes.The data were expressed as mean ± SEM, n =6. *P<0.05, **P<0.01, ***P<0.001, ****P< 0.0001.
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GLS is an enzyme responsible for converting glutamine to glutamate. Glutamate serves as a substrate for GSH synthesis, 
which helps neutralize free radicals and peroxides, thereby maintaining redox balance.37,38 The study showed that hyperoxia 
induced glutamine-fueled anaplerosis, shifting metabolic flux from glutamine biosynthesis to its utilization.39 MTF1 main-
tains intracellular metal homeostasis and mitigates oxidative stress by binding to metal-responsive elements and modulating 
gene expression in response to fluctuations in metal concentrations.40 MTF1 interacts with diverse metals, including Zn, Cu, 
and Cd, and plays a critical role in processes such as myogenesis, embryonic liver development, and heavy metal detoxifica-
tion in the adult liver.41,42 Additionally, MTF1 regulates apoptosis and tumor development.43,44 Beyond metal regulation, 
MTF1 enhances antioxidant enzyme expression, mitigates oxidative damage, and modulates autophagy, inflammation, and 
other signaling pathways to maintain cellular homeostasis.40,45,46 Specifically, under high copper conditions, MTF1 activates 
metallothioneins to safeguard cells from copper-induced toxicity.47

CDKN2A encodes two tumor suppressor proteins, p16 and p14, both of which are critical regulators of the cell cycle. 
A previous study reported that p16 knockout mice, when fed a pro-steatotic diet, exhibited more severe liver lipid 
deposition, inflammation, and ROS accumulation than wild-type mice.48 Our qRT-PCR analysis revealed altered mRNA 
expression profiles of multiple genes associated with cuproptosis following hyperoxia exposure. These data suggest that 

Figure 5 Continued.
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hyperoxia may trigger cuproptosis in cultured MLE-12 cells and mouse lung tissue. Conversely, treatment with TTM 
effectively mitigated the severity of hyperoxia-induced injury. In conjunction with these results, our findings confirmed 
that Fdx1-mediated protein lipoylation and the resulting proteotoxic stress play a pivotal role in the pathogenesis of HLI.

Our findings indicate that targeting cuproptosis could serve as a promising therapeutic approach for treating HLI. 
While this study establishes the role of cuproptosis in HLI and highlights the protective effects of TTM, it also raises 
several critical questions that remain unanswered: (1) While this study focused on cuproptosis, the potential involvement 
of other cell death pathways in HLI has not been explored. (2) Although the association between cuproptosis and HLI has 
been established, the precise mechanisms underlying cuproptosis in HLI still need further investigation, particularly the 
role of MTF1 in this process, which remains unclear. (3) Since all experiments were conducted in cell lines, it is crucial 
to conduct further studies using primary cells to validate these findings. (4) The role of mitochondrial homeostasis in 
cuproptosis under hyperoxia remains unclear. The PDH complex, a key component of mitochondrial energy metabolism, 
may influence oxidative stress and cuproptosis, with the exact mechanisms requiring further investigation. Addressing 
these questions will deepen our understanding of the role of cuproptosis in the pathogenesis of HLI.

Conclusion
In conclusion, this study is the first to confirm that hyperoxia-induced cuproptosis represents a potential novel mechanism 
underlying HLI. Our findings demonstrate that hyperoxia upregulates the copper importer SLC31A1, which leads to 
copper accumulation, disrupts copper homeostasis, and promotes cuproptosis. Moreover, hyperoxia alters the expression 
of genes associated with cuproptosis. Conversely, TTM administration reverses these changes and provides protective 
effects against hyperoxia-induced injury in both MLE-12 cells and mouse lung tissue. However, further studies are 
needed to clarify the precise role of cuproptosis in HLI. In summary, cuproptosis plays a pivotal role in HLI pathogen-
esis, and targeting this pathway may represent a promising therapeutic strategy.

Figure 5 Effects of hyperoxia on the expression of cuproptosis-related genes and proteins in C57BL/6 mice. (A-M) Quantitative reverse transcription PCR analysis of 
cuproptosis-related genes: Fdx1, Lias, Lipt1, Dld, Dlat, Pdha1, Pdhb, Gls, Mtf1, Cdkn2a, Slc31a1, Atp7b, and Hsp70 in lung tissue. (N) Western blot analysis of DLAT, Lip-DLAT, 
SLC31A1, FDX1 in lung tissue. (O) Densitometric analysis of DLAT, Lip-DLAT, SLC31A1, and FDX1 in lung tissue. The data were expressed as mean ± SEM, n = 6. *P<0.05, 
**P<0.01, ***P<0.001, ****P< 0.0001.
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