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Purpose: To evaluate whether ferroptosis is involved in hyperoxic acute lung injury (HALI) 
and its mechanisms through the HALI model.
Methods: HE staining was used to assess lung injury pathology after the establishment of 
neonatal rat HALI model. ELISA was used to detect ROS, GPX4, and GSH expression. 
Prussian blue staining and Western Blot were used to detect iron deposition and the expres-
sion of ferroptosis-related proteins, respectively.
Results: The HALI group showed pathological changes with larger and fewer alveoli and 
thicker alveolar septa after HE staining. Prussian blue staining detected significant iron 
deposition in the lung tissue of the HALI group. GPX4, GSH, GSS, and SLC7A11 expres-
sions were significantly decreased in the HALI group than in the normal control group. In 
contrast, ROS, TFRC, FHC, and FLC expressions showed opposite results (p<0.05).
Conclusion: Ferroptosis may be involved in the pathological process of hyperoxic lung 
injury in neonatal rats.
Keywords: ferroptosis, hyperoxic lung injury, neonatal rats

Introduction
Oxygen therapy can rescue and treat neonates with hypoxemia or acute respiratory 
failure by preventing hypoxia and ensuring normal oxygen supply to tissues and 
organs. However, prolonged exposure to high concentrations of oxygen can lead to 
different degrees of damage to the newborn,1,2 with the lungs being the most 
common organ damaged by hyperoxia,3 causing bronchopulmonary dysplasia 
(BPD) in severe cases.4 Besides, there is no exact and effective prevention and 
treatment for lung injury caused by hyperoxia. Therefore, the pathogenesis of 
hyperoxia-induced lung injury should be assessed to improve the prognosis and 
find effective and practical treatment methods.

An imbalance in the oxidative-antioxidant system causes hyperoxic lung injury. 
The excessive release of reactive oxygen species (ROS) and their derivatives can 
lead to the inactivation of various cellular enzymes, DNA damage and lipid 
membrane peroxidation. These impair the structural function of alveolar epithelial 
cells causing acute pulmonary edema and acute pulmonary atelectasis.5,6 However, 
the exact mechanism of damage has not been fully elucidated. Ferroptosis is 
a programmed cell death caused by excess accumulation of iron-dependent lipid 
peroxidation (LPO). Ferroptosis inducing factors can directly or indirectly affect 
glutathione peroxidase through different pathways, decreasing intracellular antiox-
idant capacity and lipid ROS accumulation, thus leading to oxidative cell death. 
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Among them, dysregulation of iron metabolism, accumu-
lation of lipid peroxides and failure of Glutathione perox-
idase 4 (GPX4) antioxidant system are the main triggering 
mechanisms of ferroptosis.7 Abnormal expression of 
a series of iron regulatory proteins such as transferrin 
and ferritin will lead to an imbalance of intracellular iron 
homeostasis, and the accumulation of redox-active Fe2+ 

generates large amounts of highly toxic ROS through the 
redox cycle of Fenton reaction and Haber-Weiss reaction,8 

ultimately triggering ferroptosis and lipid oxidative 
damage. GPX4, glutathione (GSH) and SLC7A11 and 
other proteins, on the other hand, play an important role 
in the antioxidant process of the body and are key proteins 
in the occurrence of ferroptosis.7

Existing studies suggest that ferroptosis is associated 
with lung cancer, pulmonary fibrosis, chronic obstructive 
pulmonary disease, pulmonary ischemia-reperfusion 
injury, and acute lung injury (ALI). Besides, increased 
lipid ROS and abnormal levels of ferroptosis-associated 
proteins have been found in the above diseases. However, 
ferroptosis inhibitors can improve symptoms.9–13 

However, there are very few studies on ferroptosis and 
hyperoxic lung injury. Robbins et al found that defects in 
the GSH system would exacerbate hyperoxic lung injury.14 

Mouse models of lung injury with deletion of the ROS 
repressor gene exhibited increased inflammation with tis-
sue iron accumulation.15 However, these studies still can-
not show a direct link between ferroptosis and hyperoxic 
lung injury. Therefore, the present study was conducted to 
preliminarily investigate whether ferroptosis is involved in 
the pathological process of HALI and its related mechan-
isms through a neonatal rat HALI model.

Materials and Methods
HALI Model Construction and Grouping
All animal care and experiments were performed follow-
ing the guidelines for the care and use of laboratory 
animals. The Laboratory Animal Ethics Committee of 
Wenzhou Medical University approved the experiments. 
All Sprague-Dawley (SD) rats (200–250 g) were obtained 
from Charles River (Beijing, China) and housed in the 
Laboratory Animal Center under pathogen-free conditions. 
Adult rats were freely mated to produce offspring for 
subsequent studies. The experiment was divided into 
a hyperoxia model group and an air control group. 
Neonatal rats (along the dam) in the hyperoxia model 
group were put in an airtight rearing tank immediately 

after birth, and oxygen was rapidly introduced into the 
tank. The oxygen flow rate was changed to 1 L/min 
when the oxygen concentration in the tank reached 85%, 
and the exposure was continued for seven days to simulate 
hyperoxic lung injury.16,17 The incubator was left with 
ventilation holes to keep the pressure inside the incubator 
consistent with the outside world, so it can be assumed 
that this is an atmospheric pressure hyperoxia-induced 
lung injury. CO2 was adsorbed using calcium hydroxide, 
while ammonia and other toxic gases were adsorbed using 
activated carbon. The temperature was controlled via 
a ventilation system, and the humidity was controlled 
through a dehumidification box (50–70%) (12 h/12 
h light/dark cycle). The box was opened for 30 min 
every day during cleaning, bedding change, feeding, and 
when the rats needed to be operated on. The air control 
group was placed in a normal feeding box and fed nor-
mally. The mother rats of the hyperoxia model group and 
the air control group were exchanged every 24 h to avoid 
oxygen toxicity that affects the feeding of the neonatal 
rats. The body weight and survival of the infant rats 
were observed and recorded daily. No rat developed sei-
zures during hyperbaric oxygen exposure.

HE Staining
The rats were sacrificed. After exposure of the lungs and 
heart, the left atrium was dissected to allow adequate 
evacuation of the perfusate, and phosphate buffered saline 
was immediately injected into the right ventricle to remove 
blood from the pulmonary circulation. The lungs were 
then perfused with 4% paraformaldehyde through the 
right ventricle at a constant pressure of 20 cm H2O for 
20 min.18 Then the left lung was removed, fixed in 4% 
PFA at 4 °C overnight, dehydrated, paraffin-embedded, 
and patched after cutting into 4 μm thick coronal sections. 
The sections were stained using hematoxylin, differentia-
tion solution, and eosin reagent (Solarbio, China). The 
sections were later permeabilized with xylene and sealed 
with neutral resin. Light microscopy (Olympus, Tokyo, 
Japan) was then used to assess histopathological changes. 
According to previous studies,19–22 we selected images 
with scale bars = 100 μm to measure radial alveolar 
count (RAC), mean linear intercept (MLI) and mean 
alveolar diameter (MAD) to quantify inter-alveolar dis-
tance and size. MAD indicates mean alveolar diameter. 
MLI indicates the ratio of alveolar volume to surface area, 
and was determined by drawing 5 lines in each field of 
view and dividing the length of each line by the number of 
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alveoli passing through that line. The RAC was obtained 
by drawing a line from the center of the terminal fine 
bronchus to the nearest connective tissue septa and count-
ing the number of alveoli on this line. All images were 
evaluated by researchers unaware of the experimental 
group and repeated 6 times.

Prussian Blue Staining
The deposition of iron-containing heme in lung tissue was 
detected by using Prussian blue staining kit (Solarbio, 
China). Paraffin sections with a thickness of 4 µm were 
prepared, routinely dehydrated and transparent, and then 
stained with Perls staining solution for 30 min. The sec-
tions were washed three times with distilled water; the 
background was lightly stained with Eosin staining solu-
tion for 15–30 s, and rinsed with tap water for 2–3 s. The 
sections were dehydrated with anhydrous ethanol and 
transparent with xylene, sealed with neutral gum, and 
placed under a light microscope for observation. The 
mean percentage positive area was used to quantify the 
difference between the two groups of Prussian blue 
results.23 This is a commonly used method of immunohis-
tochemical analysis that counts the percentage of positive 
staining area over the measured area and finally takes the 
mean value as the percentage value of the mean positive 
staining area for this case section, thus being less affected 
by some human-induced interference. Color threshold 
quantification was performed on six non-overlapping 
areas/groups by image J 1.53 software (NIH, USA). All 
images were evaluated by researchers who were unaware 
of the experimental group.

ELISA
The right and left lung tissues were quickly removed after 
sacrificing the pups. The specimens were added to an 
amount of PBS (pH 7.4) and homogenized using 
a homogenizer. The supernatant was collected by centrifuga-
tion at 12,000 rpm for 10 min at 4°C. Protein concentration 
was assessed using a BCA protein assay kit (Proteintech, 
Wuhan, China). Protein was diluted a certain number of 
times for ELISA assay. The ELISA kit (Affandi, China) 
was operated according to its instructions. Antibodies are 
used to coat the ELISA plate. The antigen in the sample or 
standard will bind to the coating antibody during the experi-
ment and the free components are washed away. 
Biotinylated antibodies and horseradish peroxidase-labeled 
affinities are added sequentially. The antibody binds to the 
antigen bound to the encapsulated antibody and the biotin 

specifically binds to the affinity to form an immune complex, 
and the free components are washed away. A chromogenic 
substrate (TMB) is added, and TMB appears blue catalyzed 
by horseradish peroxidase and turns yellow after the addition 
of termination solution. The OD value was measured at 450 
nm with an enzyme marker, and there was a positive ratio 
between the antigen concentration and OD450 value, and the 
contents of ROS, GPX4 and GSH in neonatal rat lung tissue 
were calculated by drawing a standard curve.

Western Blot
Rats in both groups were deeply anesthetized with isoflur-
ane after seven days of modeling and sacrificed. Lung 
tissues were quickly removed, and RIPA lysis buffer 
(Beyotime, China) and protease inhibitors were added. 
The supernatant was collected after centrifugation at 
12,000 g, 4°C for 10 min. An enhanced BCA protein 
assay kit (Proteintech, Wuhan, China) was used to deter-
mine protein concentration. Protein samples were separated 
on 8–12% SDS-PAGE gels and transferred to polyvinyli-
dene fluoride PVDF membranes (Millipore, USA). The 
membranes were blocked with 5% skim milk at room 
temperature for 2 h, then incubated with primary antibodies 
at 4°C overnight. The primary antibodies used were: GPX4 
(1:1000, A11243, ABclonal), Glutathione Synthetase (GSS, 
1:1000, A14535, ABclonal), SLC7A11 (1:1000, A2413, 
ABclonal), Transferrin receptor (TFRC, 1:1000, A5865, 
ABclonal), ferritin heavy chain (FHC, 1: 1000, A19544, 
ABclonal), ferritin light chain (FLC, 1:1000, A11241, 
ABclonal). The membranes were washed thrice with Tris- 
buffered saline and Tween 20 (TBST), then incubated with 
appropriate secondary antibodies (goat anti-mouse, 
1:10,000, BS12478, Bioworld; goat anti-rabbit, 1:30,000, 
ab6721) at room temperature for 1 h. The ChemiDoc-XRS 
+ imaging system (Bio-Rad, USA) was used to detect these 
strips. The grayscale values of each band were analyzed 
using Image Lab 6.1 software (Bio-Rad, USA) via image 
J 1.53 software (NIH, USA). All experiments were repeated 
at least thrice.

Statistical Analysis
All data were expressed as mean ± SD. Comparisons 
between the two groups were made using the independent 
samples t-test. Data were statistically analyzed using SPSS 
26.0 software (IBM Inc., Chicago, IL, USA) and 
GraphPad Prism 9.1.1 software (GraphPad Software Inc., 
San Diego, CA, USA). P<0.05 was considered 
a statistically significant difference.
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Results
Results of Modeling Treatment
The effect of hyperoxia on the degree of lung injury in 
neonatal rats was observed by HE staining (Figure 1). 
After 7 days of hyperoxia, the volume of alveolar cavity 
increased, while the number of alveoli decreased and the 
alveolar septa thickened. The MLI and MAD per unit area 
increased, while the RAC decreased. Lung histopathologi-
cal changes were significant, indicating that sustained 
hyperoxia successfully induced acute lung injury.

Altered Lung Tissue Cells
The nuclei and other tissues were red after Prussian blue 
staining, while the sites of iron-containing heme deposi-
tion were blue. The iron deposition was significantly more 
in the lung tissue of the HALI group than that of the 
control group (Figure 2). Moreover, there was significant 
blue iron deposition in the lung tissue of the HALI group 
(arrow). The above results suggest that iron metabolism 
disorders and iron deposition occur in HALI lung tissues.

Cellular Oxidative Stress
Ferroptosis is closely related to oxidative stress. Herein, 
ELISA was used to detect the key protein GPX4 and ROS 
in lung tissue (Figure 3). GPX4 protein significantly 
decreased after seven days of hyperoxia compared with the 
normal group (P<0.01). WB results (Figure 4) also demon-
strated that GPX4 expression decreased after hyperoxia 
(P<0.01). The hyperoxia also significantly decreased GSH 
content in lung tissue (P<0.0001), while it significantly 
increased ROS (P<0.0001), indicating that oxidative stress 
occurred in lung tissue. GSS is a key enzyme for GSH 
synthesis. WB (Figure 4) showed that GSS expression was 
significantly decreased after hyperoxia (P<0.01). System Xc- 
is also a key protein in the GSH synthesis pathway and an 
upstream ferroptosis regulator. It consists of SLC7A11 and 
SLC3A2 subunits.24 WB results (Figure 4) showed that 
SLC7A11 was significantly down-regulated after hyperoxia 
(P<0.01). These results suggest that the cellular capacity for 
antioxidants is significantly diminished due to the blocked 
synthesis and decreased GSH expression.

Figure 1 (A) In HE staining, the lung tissue structure in the HALI group showed a decrease in the number of alveoli, an increase in the volume of the alveolar cavity, and 
a thickening of the alveolar septa compared with the control. Scale bars = 200 μm, 100 μm. (B) Semi-quantitative pathology score of RAC in lung tissues. (C) Semi- 
quantitative pathology score of MAD in lung tissues. (D) Semi-quantitative pathology score of MLI in lung tissues. The values are the mean ± SD; n = 6 nonoverlapping fields/ 
group; ****P < 0.0001.
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Iron Metabolism-Related Proteins
The regulation of ferritin and iron metabolism is essen-
tial in the ferroptosis mechanism.25 TFRC is required 
for the uptake of the transferrin-iron complex into cells. 
WB showed (Figure 5) that TFRC expression was sig-
nificantly increased in the HALI group (P<0.05). 

Ferritin is an essential protein used to store iron ions 
in cells. It comprises two subunits, FHC and FLC. This 
study (Figure 5) showed that FHC and FLC expressions 
were significantly increased after hyperoxia treatment 
(P<0.05), indicating a substantial increase in intracellu-
lar free ferric ions.

Figure 3 ELISA detection of ROS (A), GPX4 (B) and GSH (C) expressions in rats. ****P < 0.0001, **P < 0.01 and ****P < 0.0001 vs the control group. The values represent 
the mean ± SD, n = 10.

Figure 4 Western blotting analyzed the expression of GPX4, GSS, SLC7A11, which is ferroptosis key protein. **P < 0.01 vs the control group. Data were shown as mean ± 
SD, n = 3.

Figure 2 (A) Prussian blue staining in alveolar tissue. The columns on the right show magnified images of the black boxes in the left column. Scale bars = 25 μm, 100 μm. (B) 
Prussian Blue Positive Area (% total area analyzed). Iron deposition in lung tissue was significantly higher in the HALI group than in the control group (***P < 0.001). The 
values are the mean ± SD; n = 6 nonoverlapping fields/group.
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Discussion
Existing studies have confirmed that continuous exposure 
to high levels of oxygen will cause damage to the lungs.26 

In this study, neonatal rats were exposed to 85% oxygen 
concentration for seven days to simulate the pathological 
process of HALI.27–29 HE staining showed a decrease in 
the number of alveoli, an increase in the volume of the 
alveolar cavity, and a thickening of the alveolar septa, 
suggesting damage to lung tissue from continuous high 
oxygen exposure.

Some studies have confirmed the presence of ferropto-
sis in various adult murine models of ALI. A study 
showed that ferroptosis-like pathological changes occur 
in lung cells through a mouse model of acute lung injury 
induced via tail vein injection with oleic acid. Besides, the 
study identified significant iron overload, reduced GSH 
content, and significantly lower ferritin expression levels 
in lung tissue.10 Liu et al also showed that ferroptosis 
promotes LPS-induced acute lung injury. They also indi-
cated that ferroptosis inhibitor ferrostatin-1 (Fer-1) could 
effectively alleviate LPS-induced acute lung injury and 
inflammatory response.30 Li et al and Dong et al have 
identified the involvement of ferroptosis in an ischemia- 
reperfusion-induced ALI mouse model and attempted to 
alleviate ALI by inhibiting ferroptosis.11,31 In mice, fer-
roptosis also promotes acute radiation-induced lung injury 
(RILI), probably via radiation-induced ROS.32 In the pre-
sent study, we found ferroptosis-like changes in the lung 
tissues of rats in the HALI group, including iron deposi-
tion, elevated ROS expression, and decreased GSH 
expression.

Ferroptosis is characterized by impaired GSH-GPX4 
antioxidant system, iron accumulation, and lipid ROS gen-
eration. Lipid metabolism is closely related to the sensi-
tivity of cells to ferroptosis. Lipid peroxides induce 

ferroptosis. Furthermore, excessive accumulation of lipid 
peroxides causes plasma membrane damage, leading to the 
onset of cellular ferroptosis.33 In the HALI model group, 
GPX4, a key regulator of ferroptosis,34,35 expression was 
significantly reduced. GPX4 is crucial in ferroptosis, and 
its inhibition can lead to ferroptosis from a genetic or 
pharmacological perspective.36,37 GPX4 inhibition can 
also cause the production of several polyunsaturated fatty 
acid (PUFAs) radicals, causing ferroptosis.38 Therefore, 
GPX4 downregulation can trigger ferroptosis.37 

Moreover, GPX4 and GSH form an important antioxidant 
system in cells. Two GSH molecules act as electron donors 
to reduce free hydrogen peroxide (H2O2) or organic per-
oxides (ROOH), especially phospholipid peroxides (PL- 
OOH), in water or corresponding alcohols via GPX4. 
Herein, ROS were significantly increased and GSH was 
substantially depleted in the HALI group compared with 
the normal group, indicating that the antioxidant capacity 
of lung tissue is reduced after hyperoxia injury.

Amino acid metabolism also plays an important role in 
ferroptosis. System Xc- transports intracellular glutamate 
from the cell while transporting cystine into the cytoplasm. 
It is also an essential amino acid transporter protein. 
Previous studies have shown that inhibition of system 
Xc- decreases cystine uptake and reduces its intracellular 
conversion to cysteine, impairing glutathione peroxidase 4 
(GPX4) function.39 Inhibition of system Xc- through sal-
azosulfapyridine induces ferroptosis, whereas β- 
mercaptoethanol increases intracellular cystine uptake via 
HT1080, thereby inhibiting Erastin-induced ferroptosis.40 

SLC7A11 is the transport catalytic subunit in System Xc- 
and an important marker in ferroptosis.41 Inhibition of 
SLC7A11 function with olaparib inhibits cystine uptake, 
significantly reducing GSH levels and promoting lipid 
peroxidation. However, SLC7A11 overexpression 

Figure 5 Western blotting analyzed the expression of TFRC, FHC, FLC, which is involved in iron transport storage. *P < 0.05 vs the control group. Data were shown as 
mean ± SD, n = 3.
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significantly restores GSH levels and attenuates lipid per-
oxidation, restoring cell viability.42 Similarly, SLC7A11 
inhibition inhibits system Xc- activity.43 Herein, 
SLC7A11 protein content decreased in lung tissue after 
hyperoxia injury, suggesting that system Xc- was also 
inhibited. System Xc- is a key pathway for the synthesis 
of the cellular antioxidant GSH. Therefore, System Xc- 
can impair the metabolism of related amino acids and 
reduce GSH synthesis, decreasing cellular antioxidant 
capacity and causing loss of cellular protection.

Abnormal iron metabolism and iron accumulation con-
tribute to the development of ferroptosis. Previous studies 
have shown that reducing iron overload in cells through 
iron chelators, such as desferrioxamine, desferrioxamine 
mesylate, and cyclopiroxamine, can inhibit suppression of 
erastin-mediated ferroptosis. In contrast, providing exo-
genous iron sources (ferric ammonium citrate, ferric 
citrate, and ferric chloride hexahydrate) enhances erastin- 
induced death.40 Prussian blue staining indicated that iron 
accumulation was significantly increased in the HALI 
group than in the normal group. Elevated iron levels can 
cause cellular damage by generating a large number of 
ROS through the Fenton reaction.24 Therefore, abnormal 
distribution and increased levels of iron can affect normal 
physiological processes. Besides, the fragile iron home-
ostasis may be disrupted during ferroptosis, leading to 
a sustained increase in intracellular free iron content.44 

This study investigated the cause of iron accumulation 
by examining proteins related to iron transport and found 
increased levels of TFRC, a key protein receptor respon-
sible for extracellular Fe3+ input. TFRC upregulation can 
lead to ferroptosis by increasing intracellular iron levels.45 

However, TFRC silencing can inhibit ferroptosis induced 
by Erastin.46 Ferritin is an iron storage protein complex 
consisting of FLC and FHC. It plays a central role in iron 
metabolism by storing excess cellular iron. It also prevents 
the iron-mediated catalysis of ROS, thus preventing tissue 
damage.47 Ferroptosis-sensitive cells with RAS mutations 
have significantly elevated TFRC and reduced expression 
of FHC and FLC compared with ferroptosis-tolerant 
cells.48 Therefore, increased iron uptake and reduced iron 
storage may lead to iron overload during ferroptosis. FHC 
and FLC translation is regulated via the iron regulatory 
protein (IRP) mechanism. IRP binds to the iron-responsive 
element (IRE) in the 5ʹ UTR of the ferritin transcript under 
low iron conditions to block translation.49 However, when 
sufficient iron is available, IRP expresses aconitase activ-
ity and no longer binds to IRE, ultimately leading to 

enhanced ferritin expression.50 Herein, TFRC, FHC, and 
FLC expressions were significantly increased in hyperoxic 
lung injury. This could be due to the massive influx of iron 
ions into the cytosol during the initial phase of injury. This 
allows cellular stress to increase the expression of iron 
storage proteins to maintain iron homeostasis by increas-
ing iron storage.

In summary, hyperoxia-induced lung tissue undergoes 
several oxidative stresses with impaired function of multi-
ple antioxidant pathways, making it sensitive to ferropto-
sis. Also, abnormal iron accumulation occurs in lung tissue 
with dysregulation of intracellular iron transport, storage, 
and regulatory proteins. Excess iron leads to increased 
levels of lipid peroxidation. Therefore, ferroptosis-related 
mechanisms, such as abnormalities in iron metabolism, 
amino acid metabolism, and lipid peroxidation regulation, 
play an important role in HALI. This study suggests that 
ferroptosis may be involved in the pathological process of 
hyperoxic lung injury in neonatal rats. Therefore, the inhi-
bition of ferroptosis in the lung is a promising strategy for 
the treatment of HALI. This study provides insights into 
the mechanisms of other oxidative stress-related diseases.

However, this study has some limitations. First, iron 
chelators, ferrostatin-1 and liproxstatin-1, and other fer-
roptosis inhibitory drugs were not used to explore the 
protective and therapeutic effects of ferroptosis inhibition 
on hyperoxic lung injury. Second, the role of ferroptosis in 
hyperoxic damage to alveolar cells was not verified at the 
cellular level. Third, it is uncertain whether ferroptosis 
occurs in both alveolar tissue and pulmonary vasculature. 
Therefore the above factors deserve further exploration.
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