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Introduction
The high morbidity and mortality of acute respiratory 
distress syndrome (ARDS) is a major medical challenge 
worldwide [1, 2]. Mechanical ventilation (MV) is a criti-
cal intervention for patients with acute respiratory failure 
and other severe conditions [3, 4]. Despite its life-saving 
potential, MV can paradoxically induce or exacerbate 
lung injury, a condition referred to as ventilator-induced 
lung injury (VILI) [5]. VILI poses a significant threat to 
patient outcomes by initiating lung biotrauma, subse-
quently inducing systemic inflammation, and potentially 
contributing to multi-organ failure—a prevalent cause 
of mortality in patients with ARDS [6]. However, its 
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Abstract
Mechanical ventilation (MV) remains a cornerstone of critical care; however, its prolonged application can 
exacerbate lung injury, leading to ventilator-induced lung injury (VILI). Although previous studies have implicated 
ferroptosis in the pathogenesis of VILI, the underlying mechanisms remain unclear. This study investigated the 
roles of ferritinophagy in ferroptosis subsequent to VILI. Using C57BL/6J mice and MLE-12 cells, we established 
both in vivo and in vitro models of VILI and cyclic stretching (CS)-induced cellular injury. We assessed lung injury 
and the biomarkers of ferroptosis and ferritinophagy, after appropriate pretreatments. This study demonstrated 
that high tidal volumes (HTV) for 4 h enhanced the sensitivity to ferroptosis in both models, evidenced by 
increased intracellular iron levels, lipid peroxidation and cell death, which can be mitigated by ferrostatin-1 
treatment. Notably, nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy contributed to ferroptosis in 
VILI. Inhibition of autophagy with 3-methyladenine or NCOA4 knockdown decreased intracellular Fe2+ levels and 
inhibited lipid peroxidation, thereby attenuating CS-induced lung injury. Furthermore, it has also been observed 
that the AMPK/ULK1 axis can trigger ferritinophagy in VILI. Collectively, our study indicated that MV can induce 
ferroptosis by promoting NCOA4-dependent ferritinophagy, which could be a novel therapeutic target for the 
prevention and treatment of VILI.
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detailed underlying mechanisms of VILI remain incom-
pletely understood.

Ferroptosis is a novel type of iron-dependent nonapop-
totic cell death different from apoptosis, necrosis, and 
autophagy. It’s triggered by a combination of iron toxic-
ity, lipid peroxidation, and plasma membrane damage 
[7, 8]. Ferroptosis is intricately regulated by iron metab-
olism, lipid metabolism, and mitochondrial function. 
Glutathione peroxidase 4 (GPX4), acyl-CoA synthase 
long-chain family member 4 (ACSL4), and solute car-
rier family 7 member 11 (SLC7A11) are the key regula-
tors of ferroptosis [9–13]. Dysregulation of ferroptosis 
can disrupt immune responses and has been implicated 
in various pathological conditions [8]. Autophagy activa-
tion has been shown to elevate intracellular iron levels by 
degrading ferritin, thereby leading to oxidative damage 
through the Fenton reaction, known as ferritinophagy 
[14]. Nuclear receptor coactivator 4 (NCOA4) is a selec-
tive cargo receptor mediating ferritinophagy, namely the 
cytosolic iron storage complex. NCOA4-mediated fer-
ritinophagy maintains intracellular iron homeostasis by 
facilitating ferritin iron storage or release [15]. Ferritin-
ophagy levels are controlled by NCOA4 levels, which in 
turn are regulated by cellular iron levels [16]. In our pre-
vious studies, a notable relationship between ferroptosis 
and VILI has been established [17, 18]. This finding pro-
vides crucial insights into the integral role of ferroptosis 
in VILI. However, the detailed underlying mechanism 
of ferritinophagy in VILI-induced ferroptosis remains 
largely unknown. Therefore, the present study focused 
on ferritinophagy in VILI and unraveled its potential 
mechanisms.

Recent studies have suggested that autophagy, particu-
larly ferritinophagy, plays a crucial role in the regulation 
of ferroptosis. Infection and inflammation can promote 
iron chelation into cells [14]. Accumulating evidence has 
shown that ferritinophagy is implicated in the develop-
ment and progression of various pathological processes 
and diseases, including lung injury, neurodegenera-
tion, and cardio-vascular diseases [19–22]. Adenos-
ine 5’-monophosphate (AMP)-activated protein kinase 
(AMPK) is a key regulator of cellular energy homeostasis 
and, plays a significant role in the regulation of autoph-
agy. It is expressed in various metabolism-related organs 
and can be activated by various stimuli [23]. ULK1, a crit-
ical regulator of autophagy, plays a major role in autoph-
agy [24]. It has been found that the mtROS-AMPK-ULK1 
signaling pathway is probably involved in regulating the 
zinc oxide nanoparticles-induced ferroptosis of endo-
thelial cells [25]. Bisphenol A regulates iron-autophagy-
mediated death in renal tubular epithelial cells through 
the AMPK/mTOR/ULK1 signaling pathway [26]. In addi-
tion, AMPK/ULK1 axis-mediated activation of autoph-
agy and NCOA4-mediated degradation of ferritin by 

autophagy has been linked to PM2.5-induced ferroptosis 
of fibrotic cells [27]. However, whether the AMPK/ULK1 
signaling pathway is involved in NCOA4-mediated ferri-
tinophagy in VILI has not been investigated.

In this study, we investigated the role of ferritinophagy 
in VILI and unraveled its underlying mechanisms. We 
revealed that ventilator-induced autophagy was essen-
tial for NCOA4-dependent degradation of ferritin, which 
was directly linked to ventilator-induced ferroptosis of 
VILI in vivo and CS-induced damage of MLE12 cells. 
Furthermore, we found that the AMPK/ULK1 signaling 
pathway regulated this process. Intriguingly, our findings 
also revealed that ferrostatin-1 can mitigate VILI and fer-
ritinophagy by inhibiting ferroptosis. Hence, our study 
provided novel insight into the molecular mechanisms of 
VILI and highlighted ferritinophagy as a promising target 
for treatment.

Materials and methods
Reagents
3-Methyladenine (3-MA), compound C, and Phen green 
SK (PGSK) diacetate were obtained from MedChemEx-
press company (Shanghai, China). Selective inhibitor 
of ferroptosis Ferrostain-1 (Fer-1) was procured by Tar-
getmol (Shanghai, China). Enzyme-linked immunosor-
bent assay (ELISA) kits for the quantification of tumor 
necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and 
interleukin-1 beta (IL-1β) were purchased from YouPin 
Biological Technology Co. Ltd (Shenzhen, China). Tis-
sue Iron Content Assay Kit was purchased from Solarbio 
(Beijing, China). Assay kits for detecting total protein, 
Lyso-Tracker Green, and malondialdehyde (MDA) were 
purchased from Beyotime Biotech (Shanghai, China). 
BODIPY™ 581/591 C11 and cell counting Kit-8 (CCK8) 
were obtained from GLPBIO (Montclair, CA, USA). Fer-
roOrange was obtained from Donjido (Shanghai, China). 
GPX4 (sc-166570, Santa Cruz Biotechnology), SLC7A11 
(12509, Affinity), NCOA4 (A5695, ABclonal), FTH1 
(R23306, Zenbio), AMPK (340763, Zenbio), P-AMPK 
(R380431, Zenbio), ULK1 (381887, Zenbio), p-ULK1 
(80218-1-RR, Proteintech), β-actin (4970, Cell Signaling 
Technology), and GAPDH (sc-137179, Santa Cruz Bio-
technology) were used as primary antibodies. Goat anti-
rabbit IgG H&L (ab216773) was purchased from Abcam 
(Cambridge, MA, USA). The goat anti-Mouse IgG H&L 
(92632210) was provided by LI-COR (NE, USA). HRP-
conjugated Affinipure goat anti-rabbit lgG (H + L) was 
obtained from Proteintech (Wuhan, Chain). Cy3-labeled 
goat anti-rabbit IgG (GB21303) and Cy3 Labeled Goat 
Anti-Mouse IgG (GB21301) were purchased from Ser-
vicebio Technology (Wuhan, China). The specific primers 
of SLC7A11, GPX4, and NCOA4 were synthesized and 
provided by Sangon Biotech (Shanghai, China).
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Fig. 1 Ferritinophagy participated in ventilator-induced ferroptosis in vivo. (A) TEM images depict lung tissue sections from both groups. Obvious au-
tophagosomes were found in the HTV group. Red arrows represent autophagosome. Magnifications: 6000 X and acceleration voltage: 80 KV. Scale bar: 1 
μm. (B) MDA levels in lung tissues (n = 4). (C) The iron content in the lung tissues of mice (n = 4). (D) Representative Western blotting bands for SLC7A11, 
GPX4, NCOA4, FTH1, and β-actin in lung tissues. (E-H) Relative protein expression of SLC7A11, GPX4, NCOA4, and FTH1 to β-actin (n = 4). (I) Immunofluo-
rescence assay demonstrated that the co-localization of FTH1 and NCOA4 significantly increased in the HTV group compared to other groups. Scale bar: 
100 μm. The percentage of co-localization between FTH1 and NCOA4 was quantified using ImageJ Fiji software (n = 4). (J) H&E staining was performed on 
tissue samples from both groups, with a scale bar indicating 100 μm. (K) Pathological scoring was conducted based on the H&E staining results (n = 4). (L) 
Wet/Dry ratios of lung tissue (n = 4). (M) Total protein concentrations in BALF (n = 6). (N) Infiltrating cell counts in BALF (n = 6). (O-Q) The levels of IL-1β, IL-6, 
and TNF-α in lung tissue (n = 3). Data are expressed as mean ± SD. “*” indicates significant difference between groups (*p < 0.05, ** p < 0.01 or *** p < 0.001)
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Fig. 2 Ferritinophagy promotes ventilator-induced ferroptosis of MLE-12 cells through ferritin degradation mediated by NCOA4. (A) Representative TEM 
images of MLE12 cells untreated or treated with 20% CS. Red arrows represent autophagosomes. Magnifications: 5000 X, acceleration voltage: 80 kV. Scale 
bar: 5.0 μm. (B) Representative Western blotting bands of NCOA4, FTH1, and GAPDH in MLE12 cells. (C, D) Relative protein expression of NCOA4 and FTH1 
was divided into GAPDH (n = 3). (E) The mRNA levels of NCOA4 knockdown in MLE12 cells (n = 7). (F) Representative Western blotting images of NCOA4 
and GAPDH in MLE12 cells. (G) The protein expression of NCOA4 relative to GAPDH (n = 4). (H) Cell viability was detected using a CCK8 assay (n = 5). (I-K) 
Levels of IL-1β, IL-6, and TNF-α in MLE12 cells (n = 4). (L) PGSK probe staining for Fe2+ in MLE12 cells with different treated groups. Scale bar: 100 μm. (M) 
Quantification of the fluorescence intensity of PGSK using ImageJ Fiji software (n = 3). Data are expressed as mean ± SD. “*” indicates significant differences 
between groups (*p < 0.05, ** p < 0.01 or *** p < 0.001)
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Establishment of the VILI model in mice
Male C57/BL6 mice (25 ± 2 g, 6–8 weeks old) were pur-
chased from the Animal Center of Guangxi Medical Uni-
versity (Nanning, China). Mice were conditioned under 
controlled conditions at a room temperature of 22 °C ± 
2 °C with a 12-hour light/dark cycle. They had ad libitum 
access to standard diet and tap water. Mice were ran-
domly allocated into five groups: (1) control group (CON 
group, spontaneous breathing post-intubation, 4 h); (2) 
high tidal volume group (HTV group, MV with high tidal 
volume, 20 ml/kg, 4 h); (3) Fer-1 + HTV group [Fer-1 (1 
mg/kg) was intraperitoneally injected for 14 consecu-
tive days before MV (20 ml/kg for 4 h)] [17]; (4) 3-MA 
+ HTV group [3-methyladenine (3-MA) (35 mg/kg) was 
intraperitoneally injected 1 h before MV (20 ml/kg) for 4 
h), once] [28]; (5) compound C + HTV group [compound 
C, (20 mg/kg), intraperitoneally, once, 1 h before MV (20 
ml/kg) for 4 h] [29]. The animal model of VILI was suc-
cessfully established based on our previous study [30, 
31]. At the end of MV or spontaneous breathing, mice 
were euthanized via intraperitoneal administration of a 
high dose of anesthetics. Subsequently, lung tissue, blood 
serum, and bronchoalveolar lavage fluid (BALF) samples 
were obtained for subsequent experimental analysis. All 
animal experiments were conducted with utmost care to 
minimize the inflammatory response.

Histopathological analysis
Hematoxylin and eosin staining were used to measure the 
pathological changes in the lungs of mice with VILI. The 
lung tissue was fixed in 4% paraformaldehyde and subse-
quently embedded in paraffin. Then, tissue blocks were 
sliced into 4 μm-thick sections and affixed onto slides. 
Following deparaffinization, the sections were meticu-
lously stained with hematoxylin and eosin (H&E) before a 
thorough examination under a light microscope. As pre-
viously reported, the degree of lung injury was measured 
based on a histologic ALI scoring system [32, 33].

Immunofluorescence (IF) staining
Immunofluorescence staining was conducted as previ-
ously described [22]. Briefly, dewaxed paraffin sections 
were subjected to immunofluorescent staining after a 
sequence of deparaffinization and rehydration. The tis-
sues were incubated at 4℃ overnight with SLC7A11 
(1:200), GPX4 (1:200), NCOA4 (1:200) and FTH1 (1:200) 
primary antibodies. Cy3-labeled goat anti-rabbit IgG 
(1:400) or Cy3-labeled goat anti-mouse IgG (1:400) was 
used as fluorophore-conjugated secondary antibodies. 
The nucleus was stained with DAPI. Subsequently, the 
fluorescently stained lung tissue samples were exam-
ined under a fluorescent microscope (Nikon EclipseC1, 
Nikon).

Inflammatory responses
The wet/dry (W/D) weight ratio was calculated to crudely 
assess VILI lung edema. The middle lobe of the right lung 
was weighed (wet weight) and placed in an oven at 60 
°C for 48 h (dry weight). The pulmonary permeability of 
mice with VILI was evaluated by measuring total protein 
levels in BALF supernatant using a bicinchoninic acid 
(BCA) assay. Cells in BLAF were counted using a hemo-
cytometer to determine the inflammatory infiltration of 
VILI mice. Thereafter, the serum levels of mouse IL-1β, 
mouse IL-6, and mouse TNF-α were quantified using 
ELISA kits following the manufacturer’s instructions.

Measurement of tissue iron and malondialdehyde (MDA) 
concentrations
Iron and MDA concentrations in lung tissues were mea-
sured to investigate the levels of ferroptosis. Lung iron 
measurement was conducted using the Tissue Iron Con-
tent Assay Kit (BC4355, Solarbio, Beijing, China). MDA 
levels were measured using the Lipid Peroxidation MDA 
Assay Kit (S0131, Beyotime, Shanghai, China) following 
the manufacturer’s protocol.

Generation of an in vitro model of VILI
Mouse lung epithelial cells (MLE12) were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin (Invitrogen, USA). MLE12 cells were 
cultured with 5% CO2 at 37 °C. To stably knock-down the 
NCOA4 gene in MLE12 cells, we used plasmids LV2N 
(U6/Puro)-Ncoa4-1130-mus and LV2N (U6/Puro)-NC 
purchased from GenePharma (Suzhou, China) as shRNA 
targeting NCOA4. We employed Lipofectamine 2000 
Transfection Reagent (Invitrogen, 11668030) to trans-
duce the target plasmid and helped plasmid into 293T 
cells for virus production. Finally, puromycin was uti-
lized to select positive cells. Subsequently, we success-
fully established an in vitro model of VILI based on our 
previous published study [17, 34]. Briefly, cells in the 
logarithmic growth phase were seeded onto six-well Bio-
Flex plates (Flexcell International) at standard densities. 
Following a 24-hour incubation, cells were exposed to 
cyclic stretching (CS) using the FX 6000TM Tension Plus 
system equipped with a 25 mm loading station (Flex-
cell International, McKeesport, PA, United States). The 
stretching was applied at a rate of 30 cycles per minute 
(0.5 Hz), with an equal stretch and relaxation phase and 
a sine wave pattern. In our study, the pathological CS 
was conducted at 20% changes in basement membrane 
surface area corresponding to 80% of total lung capacity. 
Cells were stretched for 4 h at 37˚C in a humidified incu-
bator containing 5% CO2. The entire experimental proce-
dure was meticulously controlled by computer software. 
In addition, the culture medium was supplemented with 
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10 µmol/L of compound C to inhibit AMPK [29]. Cul-
ture supernatants and cells were obtained after 4 h of cell 
stretching treatment.

Cell viability assay
Cell viability was determined using the CCK-8 assay 
kit. After treatment, cells were seeded at a density of 1 
× 104 cells per well onto 96-well plates for 12 h. Subse-
quently, the CCK-8 solution was added directly to the 
culture medium and incubated at 37 °C for 2 h. Finally, 
using a microplate reader, the optical density values were 
detected at 450 nm.

Transmission electron microscopy (TEM)
TEM assays were conducted as previously described 
[17]. Lung tissues were collected after modeling and then 
cut into 1–2 mm cubes, fixed in 2.5% glutaraldehyde 
and 2.5% paraformaldehyde in 0.1 M sodium cacodylate 
buffer (pH 7.4) for at least 2 h at 4 ℃. Next, cubes were 
put into the same buffer with 2% uranyl acetate for 2 h 
at room temperature before dehydration in graded alco-
hols and propylene oxide. After embedding in resin, the 
samples were cut into ultrathin slices, stained with ura-
nyl acetate and observed using a HT7800 transmission 
electron microscope (Hitachi, Japan). Similarly, MLE12 
cells were harvested for TEM analysis to evaluate cellular 
damage and the detailed structure of autophagosomes.

Measurement of intracellular iron
Intracellular iron levels were measured using Phen Green 
SK (PGSK) [35]. MEL12 cells were seeded at onto plates 
after pretreatment, washed with PBS, and dark incu-
bated with 20 µM PGSK for 20 min at 37 ℃. The results 
were visualized using fluorescence microscopy (Leica, 
Germany).

Lipid peroxidation assay
Suitably treated cells were incubated with 10 µM 
BODIPY™ 581/591C11 fluorescence probe for 30 min in 
a humidified incubator (37 ℃, 5% CO2). Nuclear stain-
ing was conducted with DAPI, followed by washing with 
PBS. Finally, the results were visualized using fluores-
cence microscopy (Leica, Germany).

Localization of intracellular and lysosomal Fe2+

Suitably treated cells were co-stained with FerroOrange 
(1 µM) and Lyso-Tracker Green (100 nM) in a serum-
free medium. They were incubated in an incubator with 
5% CO2 at 37 °C for 30 min. Cells were washed with PBS. 
The results were immediately observed using fluores-
cence microscopy (Leica, Germany).

Real-time PCR
The mRNA levels of NCOA4, SLC7A11, and GPX4 were 
determined using real-time PCR with specific primers 
under Real-Time PCR System as detailed in previously. 
The primer sequences were as follows:

SLC7A11, forward: 5′- A T G G T C A G A A A G C C A G T T G 
T G-3′, reverse: 5′- G C T C C A G G G C G T A T T A C G A G-3′;

GPX4, forward: 5′- C T C C G A G T T C C T G G G C T T G T 
G-3′, reverse: 5′-  C C G T C G A T G T C C T T G G C T G A G-3′;

NCOA4, forward: 5′- A G T T C C T T G T C A G A G T G G C T 
T A T G G-3′, reverse: 5′- A C C C A G T C G G C A G T G T T A A A 
G G-3′;

β-actin, forward: 5′- C C A C G A C A A G G A G C T G C T T C 
T G-3′, reverse: 5′- A C C C T G T C C G C C A T C A C A T C A-3′;

GAPDH, forward: 5′- C C T T C A T T G A C C T C A A C T A 
C A T G G-3′, reverse: 5′- C T C G C T C C T G G A A G A T G G T 
G-3′;

β-actin and GAPDH were used as internal controls. We 
employed the 2−△△Ct method for quantification.

Western blotting
Total proteins were extracted from the lung tissue and 
MLE12 cells using radio-immunoprecipitation assay 
(RIPA) buffer supplemented with protease inhibitor and 
protein concentrations were assessed using BCA protein 
assay kit. Then, equal amounts of protein and the molec-
ular weight marker were added to the lanes of sodium 
dodecyl sulfate (SDS)-polyacrylamide gel. They were 
subsequently transferred onto polyvinylidene fluoride 
(PVDF) membranes. After being blocked with Western 
blotting rapid blocking buffer for 30 min at room tem-
perature, the membranes were incubated by SLC7A11 
(1:700), GPX4 (1:200), NCOA4 (1:1000), FTH1 (1:1000), 
AMPK (1:500), P-AMPK (1:500), ULK1 (1:500), P-ULK1 
(1:1000), and β-actin (1:1000), and GAPDH (1:1000) pri-
mary antibodies. Next, they were incubated with the fol-
lowing secondary antibodies: goat anti-rabbit IgG H&L 
(1:15000) or goat anti-Mouse IgG H&L (1:20000). Finally, 
Western blotting bands were visualized using an Odyssey 
two-color infrared laser imaging system (LICOR, USA).

Statistical analyses
SPSS 26.0 software (IBM, USA) was used for statisti-
cal analysis. All data are presented as mean ± standard 
deviation (SD). Differences were analyzed using Analy-
sis of Variance (ANOVA) followed by the LSD-t test and 
the SNK test for pair-wise comparisons. P value less than 
0.05 was considered statistically significant.

Results
Ferroptosis was activated during VILI
In our prior research, we have demonstrated the occur-
rence of ferroptosis during VILI [17]. To further inves-
tigate the role of ferroptosis in VILI, we administered 
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Fig. 3 Knockdown NCOA4 contributed to reducing ferroptosis caused by ferritinophagy in MLE-12 cells with cyclic overstretching. (A) Immunofluores-
cence images of the co-localization of intracellular and lysosomal Fe2+. Scale bar: 20 μm. (B) Quantification of the fluorescence intensity of FerroOrange 
co-localized with Lyso-Tracker Green by ImageJ Fiji software (n = 4). (C) MDA levels in MLE12 cells (n = 4). (D) Immunofluorescence images of C11-BODIPY 
in MLE12 cells. Scale bar: 50 μm. (E) Percent of the fluorescence intensity of BODIPY C11 and oxidized BODIPY C11 measured by ImageJ Fiji software. (F) 
Representative Western blotting images of SLC7A11, GPX4, NCOA4, FTH1, and GAPDH in MLE12 cells. (G-J) Relative protein expression levels of SLC7A11, 
GPX4, NCOA4 and FTH1 to GAPDH (n = 5). Data are expressed as mean ± SD. “*” indicates significant difference between groups (*p < 0.05, ** p < 0.01 or 
*** p < 0.001)
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an in vivo study where the ferroptosis inhibitor Fer-1 
was administered to the MV with HTV group. Pretreat-
ment with ferrostatin-1 significantly alleviated lung 
injury (Supplementary Fig. 1), indicating that ferropto-
sis was activated during VILI and exacerbated the lung 
damage. Concurrently, we established an in vitro model 
using MLE12 cells to further investigate the role of fer-
roptosis in VILI. We subjected the cells to 20% CS and 
included a no-stretch control group to assess cell injury. 
Our findings revealed that cyclic overstretching induced 
cell injury and triggered ferroptosis in MLE12 cells (Sup-
plementary Fig. 2). Collectively, these results suggested 
that ferroptosis is activated during VILI both in vivo and 
vitro.

Ferritinophagy participated in ventilator-induced 
ferroptosis in vivo
Ferroptosis is currently considered an autophagy-depen-
dent cell death. The pharmacological inhibitor of autoph-
agy 3-MA was applied in clarify the relationship between 
ferritinophagy and ferroptosis in VILI mice. The results 
of TEM showed that treatment with HTV increased the 
number of autophagic vacuoles (autophagosomes) com-
pared to the CON group (Fig. 1A). As expected, MDA 
(Fig. 1B) and iron content (Fig. 1C) measurement in lung 
tissue showed that compared with the HTV group, 3-MA 
inhibited HTV-induced upregulation of lipid peroxida-
tion and iron overload in mice. Autophagy-dependent 
ferroptosis, also known as ferritinophagy, is the autopha-
gic degradation of ferritin which depends on the selective 
cargo receptor NCOA4. Cellular ironis primarily seques-
tered within ferritin, a protein complex consisting of 24 
subunits made up of both ferritin light (FTL) and heavy 
(FTH1) chains [36]. Western blotting revealed that HTV 
downregulated FTH1, but upregulated NCOA4. 3-MA 
significantly increased the expression levels of FTH1, 
SLC7A11, and GPX4 and decreased the expression lev-
els of NCOA4, suggesting that inhibition of autophagy 
ameliorated ventilator-induced ferroptosis in mice (Fig. 
1D-H). Interestingly, western blotting showed that treat-
ment with Fer-1 also downregulated the levels of NCOA4 
and upregulated the levels of FTH1. An obvious co-local-
ization of FTH1 and NCOA4 was detected by immuno-
fluorescence analysis in the HTV group (Fig. 1I). These 
data indicated that NCOA4 mediated autophagy-depen-
dent ferroptosis in VILI mice. At the same time, we used 
H&E staining and lung injury scores to detect lung tis-
sue structure, which indicated that compared to the con-
trol group, 3-MA decreased the alveolar wall thickness 
and resulted in alveolar collapse, poor structure alveo-
lar septal edema, thickening, and massive inflammatory 
cell infiltration (Fig. 1J, K). Similarly, W/D ratio (Fig. 1L), 
total protein level (Fig. 1M) and infiltrated cell counts 
(Fig. 1N) in lung tissue show that treatment with 3-MA 

ameliorated HTV-induced edema and prevented inflam-
matory cell infiltration. Furthermore, the plasma levels of 
inflammatory factors, including IL-1β, IL-6, and TNF-α, 
were consistent with the histopathological changes (Fig. 
1O-Q). Collectively, these results revealed that ferritin-
ophagy participated in ventilator-induced ferroptosis in 
vivo and inhibition of autophagy ameliorated ventilator-
induced ferroptosis and lung injury in mice.

Ferritinophagy promoted ventilator-induced ferroptosis 
of MLE-12 cells through ferritin degradation mediated by 
NCOA4
Ferritinophagy is a new type of autophagy that depends 
on the selective cargo receptor NCOA4 [14]. We next 
investigated whether ferritinophagy is activated in 
MLE12 cells after 4 h of 20% CS. Firstly, TEM images 
indicated that cells in the 20% CS group had an increased 
number of autophagosomes compared to cells in the con-
trol group (Fig. 2A). 4 h of 20% CS enhanced the protein 
expression levels of NCOA4 and decreased FTH1 levels 
in MLE12 cells (Fig. 2B-D). These results suggested that 
the overstretching of MLE12 cells activated ferritinoph-
agy. Then, we stably knocked down the NCOA4 gene 
in MLE12 cells using a lentiviral infection system (Fig. 
2E-G). Subsequently, the results showed that NCOA4 
knockdown markedly relieved 4 h of 20% CS induced cel-
lular injury, as evidenced by increased cell viability (Fig. 
2H). The cellular levels of inflammatory factors, includ-
ing IL-1β, IL-6, and TNF-α were consistent with changes 
in cell viability (Fig. 2I-K). Similarly, 20% CS decreased 
the cellular intensity of PGSK, which was reversed by 
NCOA4 knockdown. (Fig. 2L, M). We used intracellular 
Fe2+ and lysosomal colocalization assay to illuminate the 
regulatory role of NCOA4 in the activation of ferropto-
sis and iron overload in 20% CS-induced cellular injury. 
The colocalization of intracellular and lysosomal Fe2+ 
was lower in the sh-NCOA4 + 20% CS group compared 
to the 20% CS group. These findings suggest that iron 
overload was alleviated after NCOA4 knockdown (Fig. 
3A, B). Furthermore, we found that NCOA4 knockdown 
inhibited MDA production (Fig. 3C) and lipid peroxi-
dation (Fig. 3D, E) compared to the 20% CS group. Our 
results showed that proteins associated with ferroptosis, 
like SLC7A11 and GPX4, were significantly suppressed 
after treatment with 20% CS for 4 h. Similarly, ferritin-
ophagy-related protein NCOA4 markedly downregulated 
with FTH1 was upregulated under the same condition. 
However, these changes were significantly reversed by 
NCOA4 knockdown (Fig. 3F-J). In summary, these find-
ings suggested that NCOA4-mediated ferritinophagy 
induced the ferroptosis of cyclic overstretching in MLE12 
cells.
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Fig. 4 (See legend on next page.)
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The AMPK/ULK1 axis is involved in the activation of 
ferritinophagy induced by ventilator-induced lung injury 
in mice
We next investigated the pathways involved in venti-
lator-induced activation of ferritinophagy. AMP-acti-
vated protein kinase (AMPK) is involved in autophagy 
by activating unc-51-like autophagy activating kinase 1 
(ULK1) [37]. Western blotting indicated that p-AMPK 
and p-ULK1 were slightly upregulated in the HTV group. 
Pretreatment with compound C significantly reduced the 
phosphorylation of AMPK and ULK1, which reversed the 
expression trends of these proteins in the HTV group. 
This indicates that the AMPK pathway is involved in ven-
tilator-induced activation of autophagy (Fig. 4A-C). We 
found that compound C significantly increased the pro-
tein levels of FTH1 and decreased the protein levels of 
NOCA4 in the HTV group (Fig. 4D-F). Furthermore, the 
results showed that compound C ameliorated lung injury, 
which was characterized by decreased lung tissue dam-
age (Fig. 4G, H) and reduced levels of inflammatory cyto-
kines (Fig. 4I-K). Collectively, these findings indicated 
that ventilator induced autophagy-dependent ferroptosis 
via the AMPK pathway.

The AMPK-ULK1 axis is involved in ferritinophagy 
activation induced by cyclic overstretching in vitro
To confirm that cyclic overstretching-induced autophagy 
was activated via the AMPK/ULK1 pathway, we mea-
sured the expression of proteins related to this pathway 
by Western blotting. Similar to in vivo findings, in vitro 
results, indicated that the protein expression levels of 
p-AMPK and p-ULK1 were markedly upregulated by 
exposure to 20% CS for 4 h (Fig. 5A-C). Notably, com-
pound C markedly decreased the expression of p-AMPK 
and p-ULK1, reversed the degradation of FTH1, upreg-
ulated the expression levels of NCOA4 (Fig. 5D-F), and 
ameliorated cell injury (Fig. 5G-I). Taken together, our 
results suggested that the AMPK/ULK1 axis aggravated 
damage and ferritinophagy in cells under 20% CS.

Discussion
Atelectasis, edema, alveolar instability, and subsequent 
hypoxemia in a severely injured lung may lead to respi-
ratory failure, necessitating mechanical ventilation and 
subsequent VILI [5, 38]. VILI is a major complication of 
intensive care [39], which activates inflammatory media-
tors and leads to the overproduction of inflammatory 

cytokines, local injury, and even multi-organ dysfunc-
tion. Although significant progress has recently been 
made in understanding the pathogenesis of this disease, 
clinically available treatments are still limited. Current 
effective treatments for VILI mainly include regulating 
the tidal volume, oxygen concentration and positive end-
expiratory pressure [38–40]. However, the results are 
still unsatisfactory. Previous studies have discovered that 
necroptosis [41], apoptosis [42], and autophagy [43] are 
involved in the pathogenesis of VILI. However, the mech-
anism of VILI is not yet fully elucidated. Therefore, it is 
of great significance to investigate the pathogenesis and 
treatment of VILI.

Ferritinophagy was first described by Mancias et al. in 
2014 [15]. Using quantitative proteomics, they identified 
NCOA4 as a selective autophagy receptor that mediates 
ferritin degradation in autophagosomes, and leads to the 
releases of Fe2+. Ferritinophagy is closely associated with 
various physiological and pathological processes in nor-
mal conditions. It is closely regulated by an iron-depen-
dent protein network that maintains the intracellular 
Fe2+ balance and the related physiological functions [16]. 
However, excessive ferritinophagy can lead to ferropto-
sis. Ferroptosis is an iron-dependent cell death associ-
ated with lipid peroxidation, mitochondrial dysfunction, 
and activation of autophagy [7]. Many studies have dem-
onstrated that ferritinophagy is an upstream pathway 
for ferroptosis in many diseases [44, 45]. A recent study 
reported that regulation of NCOA4-mediated iron recy-
cling ameliorates paraquat-induced lung injury by inhib-
iting ferroptosis [9]. Melatonin alleviates septic ARDS 
by inhibiting NCOA4-mediated ferritinophagy in alveo-
lar macrophages [46]. However, whether ferritinophagy 
contributes to ventilator-induced ferroptosis remains 
unclear.

In our previous studies, we have established the rela-
tionship between ferroptosis and VILI, indicating that 
Ferrostatin-1 significantly alleviates ventilator-induced 
lung injury by inhibiting ferroptosis in mice. In the pres-
ent study, we explored the relation association of ferritin-
ophagy with ventilator-induced ferroptosis. Surprisingly, 
3-MA, an autophagy inhibitor inhibited ventilator-asso-
ciated ferroptosis in mice. We measured ferritinoph-
agy-related indicators, and revealed that MDA and iron 
overload were reduced in the lung tissue after treatment 
with 3-MA. Consistent with these findings, SLC7A11, 
GPX4, and FTH1 were significantly upregulated and 

(See figure on previous page.)
Fig. 4 The AMPK/ULK1 axis was involved in the activation of ferritinophagy activation induced by ventilator-induced lung injury in mice. (A) Representa-
tive Western blotting images of p-AMPK, AMPK, p-ULK1, ULK1, and β-actin in lung tissues. (B) The protein expression of P-AMPK relative to AMPK (n = 4). 
(C) The protein expression of P-ULK1 relative to ULK1 (n = 4). (D) Representative Western blotting images of FTH1, NCOA4, and β-actin in lung tissues. (E, 
F) The protein expression of FTH1 and NCOA4 relative to β-actin (n = 5). (G) H&E staining was performed on tissue samples from both groups, with a scale 
bar indicating 100 μm. (H) Pathological scoring was conducted based on the H&E staining results (n = 4). (I) IL-1β levels in lung tissue (n = 3). (J) IL-6 levels 
in the lung tissue (n = 3). (K) TNF-α levels in the lung tissue (n = 3). Data are expressed as mean ± SD. “*” indicates significant difference between groups 
(*p < 0.05, ** p < 0.01 or *** p < 0.001)
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Fig. 5 The AMPK-ULK1 axis is involved in ferritinophagy activation induced by cyclic overstretching in vitro. (A) Representative Western blotting images 
of p-AMPK, AMPK, p-ULK1, ULK1, and GAPDH in MLE12 cells. (B) The protein expression levels of p-AMPK relative to AMPK (n = 4). (C) The protein expres-
sion of p-ULK1 relative to ULK1 (n = 4). (D) Representative Western blotting images of FTH1, NCOA4, and GAPDH in MLE12 cells. (E, F) Relative protein 
expression of FTH1 and NCOA4 relative to GAPDH (n = 4). (G-I) The levels of IL-1β, IL-6, and TNF-α in MLE12 cells (n = 4). Data are expressed as mean ± SD. 
“*” indicates significant difference between groups (*p < 0.05, ** p < 0.01 or *** p < 0.001)
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NCOA4 was downregulated after pretreatment with 
3-MA. Notably, Fer-1 or 3-MA pretreatment ameliorated 
ferroptosis-related events in vivo, indicating that inhibi-
tion of iron may act as a promising approach for treating 
VILI. In vitro, we demonstrated that similar to the effect 
of 3-MA, NCOA4 knockdown suppressed cells damage, 
intracellular iron overload, and lipid peroxidation of the 
cyclic overstretching. Thus, NCOA4-dependent selec-
tive ferritinophagy was shown to be involved in cellular 
Fe2+ overload induced by 20% CS for 4 h. We explored 
the co-localization of Fe2+ and lysosomes by fluorescence 
microscopy to directly elucidate the regulatory role of 
NCOA4 in ferritin autophagy and iron overload in 20% 
CS-induced cell damage. These findings indicated that 
ferritinophagy was involved in the development of VILI, 
and treatment with 3-MA and NCOA4 knockdown 
inhibited these processes. However, we did not investi-
gate the role of other types of autophagy in promoting 
VILI-induced ferroptosis.

Another significant finding was that exposure to HTV 
or 20% CS for 4 h resulted in the activation of the AMPK/
ULK1 pathway, which subsequently triggered ferritin-
ophagy. Autophagy is a normal physiological process 
involved in cellular homeostasis and survival in normal 
cells. It plays an indispensable role in lung diseases [47, 
48]. Phosphorylation of AMPK at Thr172 can modulate 
the phosphorylation of ULK1 at Ser555, which is a key 
modulator of autophagy [37, 49]. The AMPK/ULK1 axis 
can regulate autophagy in various diseases [50, 51]. How-
ever, whether the AMPK/ULK1 axis is involved in fer-
ritinophagy in VIIL has not been elucidated. Therefore, 
we detected the protein expression levels of p-AMPK, 
p-ULK1, NCOA4, and FTH1. We found that compound 
C, inhibition of AMPK, can regulate NCOA4 and FHT1. 
Our results also showed that compound C alleviated 
lung injury and ameliorated cell damage, characterized 
by decreased lung tissue damage and lower levels of 
inflammatory cytokines. Our study demonstrated that 
activation of the AMPK/ULK1 signaling axis promotes 
ferritinophagy and subsequently induces ferroptosis 
in lung epithelial cells subjected to ventilator-induced 
injury.

While the findings of this study provide valuable 
insights into the relationship between ferritinophagy and 
VILI. It is important to acknowledge several limitations 
that necessitate further investigation. Firstly, the MLE12 
cell, which is a key representative of resident alveolar 
cells, is abundant in iron ions and plays a vital role in iron 
metabolism. Nevertheless, it remains uncertain whether 
alveolar macrophages and other types of lung cells also 
undergo ferroptosis in the setting of VILI, and the under-
lying regulatory mechanisms have not yet been fully deci-
phered. Secondly, although the AMPK/ULK1 pathway 
has been extensively studied in the context of autophagy 

research, the relationship between its downstream com-
ponents, such as LC3, ATG7, ATG5, and BECN1, and 
ferritinophagy remains unexplored and requires further 
investigation. Lastly, glutathione (GSH) and ferritin play 
a crucial role in ferroptosis. Although we utilized a range 
of indicators to indirectly assess potential alterations in 
these molecules, it is acknowledged that these methods 
may not fully capture the true levels of GSH and ferritin, 
subsequent research should directly measure levels of 
glutathione GSH and ferritin. Therefore, to validate these 
limitations and gain a deeper understanding of the com-
plex mechanisms involved, future research must under-
take more experimental exploration. This will not only 
help solidify our current understanding but also uncover 
new insights into the relationships between ferritinoph-
agy, ferroptosis, and VILI across different lung cell types, 
including alveolar macrophages.

Conclusions
Ferroptosis is enhanced by the activation of NCOA4-
mediated ferritinophagy in ventilator-induced lung 
epithelial cell damage. Activation of the AMPK/ULK1 
pathway is involved in this process.
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