Journal of Inflammation Research Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

Eleutheroside E Attenuates Hypobaric
Hypoxia-Induced High Altitude Pulmonary Edema
by Regulating Ferritinophagy-Mediated
Ferroptosis via Keap|-Nrf2 Regulatory Axis

Yilan Wang@®'"*, Nan Jia'*, Zherui Shen?, Sijing Zhao', Caixia Pei', Demei Huang', Zhenxing Wang'

'Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, People’s Republic of China; 2Chengdu University of Traditional Chinese
Medicine, Chengdu, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Yilan Wang, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, People’s Republic of China,
Email wangyilan@stu.cdutcm.edu.cn

Background: Eleutheroside E is a natural lignan and high-altitude pulmonary edema (HAPE) is a noncardiogenic pulmonary edema
induced by exposure to a high-altitude environment. The present study is designed to investigate the therapeutic effects of eleuthero-
side E against HAPE in rats.

Methods: In this study, Sprague—Dawley rats were placed in a hypobaric hypoxia chamber (simulated altitude of 6,000 m; partial
pressure of oxygen: 9.6 kPa) for 48 h of continuous exposure and treated with varying doses of eleutheroside E to evaluate its
therapeutic effects against HAPE. To investigate the mechanism by which eleutheroside E regulates ferritinophagy and ferroptosis via
the Keap1-Nrf2 axis, rescue experiments were performed using the autophagy inhibitor 3-MA, the ferroptosis agonist RSL3, and the
Nrf2 inhibitor ML385. The therapeutic effects were validated by utilizing hematoxylin and eosin (H&E) staining, arterial blood gas
analysis, lung wet/dry weight ratio, and inflammation cytokines. Furthermore, ferritinophagy-mediated ferroptosis was detected by
transmission electron microscope, immunofluorescence staining, and Western blotting. Oxidative stress was detected by associated kits
and reactive oxygen species levels.

Results: The administration of eleutheroside E alleviated HAPE in rats, and it could correct hypoxia and suppress lipid oxidation
induced by hypobaric hypoxia. Moreover, it decreased the levels of inflammation cytokines, VEGF, and total proteins in the
bronchoalveolar lavage fluid of rats. Autophagy was found to be involved in the pathological process of HAPE, specifically in the
form of ferritinophagy, which represents a novel type of autophagy. The anti-ferritinophagy-mediated ferroptosis effects of eleuthero-
side E were confirmed by using transmission electron microscopy and Western blotting. The involvement of the Keap1-Nrf2 axis in
eleutheroside E-mediated inhibition of ferritinophagy-driven ferroptosis was confirmed by rescue experiments.

Conclusion: In summary, eleutheroside E exhibits therapeutic effects against HAPE in rats by suppressing ferritinophagy-mediated
ferroptosis via the Keap1-Nrf2 axis. This study indicated a prospective role of eleutheroside E as a functional component in preventing
HAPE.
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Introduction

High altitude pulmonary edema (HAPE) is a rapidly progressive and severe condition which commonly occurs in
lowlanders ascending to high altitudes. HAPE presents within 2—5 days of arrival at altitudes above 2500 m." The
incidence of HAPE is estimated at around 0.01% in a general mountaineering population at altitudes greater than

2000 m.” The prevalence of HAPE in climbers who ascend to more than 4000 m is 0.49%.> In most cases, symptoms of
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HAPE include fatigue, cough, dyspnea, and cyanosis. The treatment consists of rest, immediate improvement of
oxygenation, nifedipine, phosphodiesterase inhibitors, dexamethasone, and acetazolamide.*

Nuclear erythroid-2-related factor 2 (Nrf2) plays a crucial role in regulating the cellular defense system against
oxidative stress and maintaining cellular iron homeostasis.” Under normal state, the Nrf2 binds with Kelch-like ECH-
associated protein 1 (Keapl) in the cytosol. The Nrf2/Keapl signaling pathway was involved in the regulation of
oxidative stress, inflammation, and apoptosis induced by acute hypoxia.® Activation of Nrf2 has the potential to mitigate
hypobaric hypoxia-induced retinal apoptosis by effectively suppressing oxidative stress.” Reduced expression of Keapl
can promote the translocation of Nrf2 into the nucleus, thereby facilitating the expression of its target genes in
cardiomyocyte injury induced by acute hypoxia.® Hence, it is reasonable to consider the Keapl/Nrf2 pathway as
a potential candidate for addressing high-altitude illness through its capacity to elicit antioxidant responses.

Ferroptosis is a type of regulated cell death.” Multiple mechanisms involving ferroptosis have been reported in
hypoxia-related diseases, including mitochondrial damage, formaldehyde accumulation, transcriptional regulation by
hypoxia-inducible factors, iron metabolism disorders, and antioxidant imbalances.'®™'> Notably, a recent proteomic study
revealed significant enrichment of the ferroptosis pathway in lung tissues from a high-altitude hypoxic acute lung injury
model, accompanied by decreased GPX4 and SLC7AIll expression, iron accumulation, and increased lipid
peroxidation.'® Furthermore, iron bioavailability has been shown to play a critical role in high-altitude lung injury, as
iron chelation exacerbates pulmonary edema while iron supplementation confers protection in rats exposed to simulated
altitude of 6,000 meters.'” In the context of pulmonary barrier integrity, studies in sepsis-induced lung injury have
demonstrated that ferroptosis contributes to microvascular endothelial barrier disruption by downregulating tight junction
proteins such as ZO-1 and occludin, and that inhibition of ferroptosis preserves endothelial integrity.'®

Nuclear receptor coactivator 4 (NCOAA4) directly interacts with the surface of ferritin and subsequently transports the
ferritin complex to autophagosomes for lysosomal degradation, leading to iron release and promoting ferroptosis.'” Iron
derived from autophagy-mediated ferritin degradation induces cardiomyocyte death, accompanied by overexpression of
NCOA4 and reactive oxygen species (ROS) accumulation.”’*! Autophagy-dependent ferroptosis, as a distinctive cell
death process, has been implicated in a multitude of diseases, whereas no research elucidates the relationship between
autophagy-dependent ferroptosis and HAPE pathogenesis.

Eleutheroside E is a natural lignan isolated from Eleutherococcus senticosus. Eleutheroside E reportedly exhibits anti-
inflammatory, anti-stress, antioxidant, and immunomodulatory properties. A study suggested that eleutheroside
E prevented high-altitude heart injury and inhibited inflammation and pyroptosis via the NLRP3/caspase-1 signaling
pathway.? The use of eleutheroside E significantly decreased intracellular ROS generation induced by high glucose and
prevented the activation of the NF-kB signaling pathway.*® Herein experiments were performed to address the role of the
Keap1-Nrf2 axis in regulating HAPE-induced ferritinophagy-mediated ferroptosis, and investigated the functional impact
of eleutheroside E in HAPE.

Materials and Methods

Reagents

3-MA (S2767), RSL3 (S8155), ML385 (S8790), and dexamethasone (S1322) were purchased from Selleck (Houston,
Texas, US). Eleutheroside E (HPLC>99.2%, A0254) was provided by Chengdu Must Bio-technology Co., Ltd.
(Chengdu, Sichuan, China). The enzyme-linked immunosorbent assay (ELISA) kits for malondialdehyde (MDA),
GSH, 4-hydroxynonenal (4-HNE), interleukin-6 (IL-6), tumor necrosis factor-o (TNF-a), tissue iron levels, and vascular
endothelial growth factor (VEGF) were obtained from Nanjing Jiancheng (Nanjing, Jiangsu, China). The ROS determi-
nation kit (S0033M) was obtained from Beyotime Biotechnology (Shanghai, China) and used to measure ROS in rat lung
tissues. Antibodies targeting B-actin, HIF-1a, AQP1, AQP4, GPX4, Nrf2, SQSTM1, NCOA4, and HO-1 were provided
by Abcam (Cambridge, UK). Antibodies targeting TFRC, Keapl, and SLC7A11 were obtained from Abclonal Co., Ltd.
(Wuhan, China). Antibodies targeting FTH1 were purchased from CST Inc. (Danvers, MA, US). Blood-gas analysis was
performed using blood-gas test strips purchased from EPOC, Siemens Healthcare (Ottawa, Canada).
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Animals

Male Sprague Dawley rats (seventy, weighing approximately 160—180 g, 6-week-old) were obtained from Dashuo
Co., Ltd. (Chengdu, China). All rats were fed adaptively for one week before experiments (12 hours light/dark cycle,
temperature: 20+ 2 °C, humidity: 55 + 5%, standard specific-pathogen-free conditions, standard pellet diet, and
water ad libitum). The study protocol was approved by the Ethics Committee of Chengdu University of Traditional
Chinese Medicine (Grant No. 2022—18). The experiments were executed according to the ARRIVE guidelines and
were performed in strict adherence to the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Experimental Design

In the first part of the research, we evaluated the potential efficacy of eleutheroside E on high-altitude pulmonary
illness. Forty-two rats were randomly divided into six groups of seven animals: normoxia control group (NC),
eleutheroside E group (EE, 100 mg/kg), hypobaric hypoxia model group (HHM), eleutheroside E 50 group (EE 50,
50 mg/kg), eleutheroside E 100 group (EE 100, 100 mg/kg) and dexamethasone group (Dex, 4 mg/kg). The selection
of the dexamethasone and eleutheroside E doses was determined based on the published scientific literature.>**> The
implemented HAPE model was previously described.® Rats in the EE, EE 50, EE 100 and Dex groups received
intraperitoneal drugs (once daily for three consecutive days). The NC and HHM groups were intraperitoneally injected
with an equivalent volume of saline, at an injected volume of 5 mL/kg. After injections, rats in the HHM, EES5O0,
EE100, and Dex groups were placed in a large environmental cabin (ProOx-830, Shanghai Tawang Intelligent
Technology Co., Ltd). The duration of exposure in the hypobaric hypoxia chamber was 48 hours. The condition
was set to a simulated altitude of 6000 m with an oxygen partial pressure of 9.6 kPa. When the target altitude was
reached, the air intake rate was maintained at 15 L/min, together with the air extraction rate at 20 L/min, oxygen
concentration at 20%, humidity at 60%, and temperature at 25°C. Rats in the NC and EE groups remained at
500 m altitude. At the end of the modeling, the condition of 6000 m altitude changed to normal altitude within
10 min. Finally, rats were removed from the chambers.

Rats were randomly assigned to 4 groups in the second part (seven animals in each group): NC group, HHM group,
3-MA group, and HHM + 3-MA group. 3-MA, an inhibitor of autophagosome formation, was dissolved in a solvent
consisting of double-distilled water (ddH,O), polyethylene glycol 300 (PEG300), dimethyl sulfoxide (DMSO), and
Tween 80. It was intraperitoneally injected 1 hour prior to the hypobaric hypoxia exposure at a dose of 15 mg/kg. The
other treatments were performed similarly to the first part of the research. The choice of 3-MA doses was based on
a previously published study.”” After being removed from the chambers, all rats were euthanized with an injection of
sodium pentobarbital intraperitoneally.

In the third part, rats were randomly assigned to 4 groups (seven animals in each group): HHM group, EE100 group,
HHM + RSL3 group, and EE 100 + RSL3 group. RSL3, a ferroptosis agonist, was dissolved in a solvent consisting of
ddH20, PEG300, DMSO, and Tween 80. It was intraperitoneally injected 1 hour prior to the hypobaric hypoxia exposure
at a dose of 10 mg/kg. The other treatments were performed similarly to the first part of the research. The choice of RSL3
doses was based on a previously published study.*®

The fourth part of the research aimed at verifying the mechanism of Keapl-Nrf2 axis in regulating ferritinophagy-
mediated ferroptosis. Rats were randomly divided into four groups of seven rats each: HHM group, EE100 group, HHM
+ ML385 group, and EE 100 + ML385 group. For the ML385 groups, rats were injected intraperitoneally with ML385,
a specific inhibitor of Nrf2 dissolved in a solvent consisting of Tween 80, PEG, ddH20, and DMSO. ML385 was
administrated 1 hour prior to the hypobaric hypoxia exposure at a dose of 30 mg/kg. The dosage and route of
administration of ML385 were determined based on a previously published study.?’ The other groups received treatments
similar to the first part of the research. After being removed from the chambers, all rats were euthanized with an injection
of sodium pentobarbital. The route of sodium pentobarbital (50mg/Kg) administration for anesthesia and sacrifice was

intraperitoneal injection.
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Arterial Blood Gas Analysis

Rats were intraperitoneally anesthetized with pentobarbital sodium and the blood was collected from the abdominal aorta
using negative pressure tubes containing lithium heparin. Approximately 0.1 mL of arterial blood was collected in
samples and analyzed with a blood gas analyzer (Siemens EPOC, Ottawa, Canada). The obtained values included pH,
partial pressure of carbon dioxide (PaCQO,), partial pressure of oxygen (PaO,), arterial oxygen saturation (SaO,),
bicarbonate (HCOs3), hemoglobin (Hb), and hematocrit (Hct).

Lung Wet/Dry (W/D) Weight Ratio

We measured the lung W/D weight ratio to assess the severity of edema.’® After 48 hours of hypobaric and hypoxia
exposure, the wet weight of the left superior lobe was determined with an electronic balance (precision of 0.1 mg). The
dry weight was determined after oven-drying of lung tissues at 60°C for 48 hours.

Histopathology

Part of the right lower lung lobe was rapidly removed, rinsed with PBS buffer, and fixed in 4% paraformaldehyde (at 4°C
for 12 hours). Consecutively, the tissues were embedded in paraffin wax and sectioned into 4-micron slices, followed by
hematoxylin and eosin (H&E) staining. The histopathological changes in the lung and bronchi were observed using
optical microscopy (model: BX41, manufactured by Olympus Corporation, Tokyo, Japan). Lung injury scoring was
performed in a blinded fashion by two pathologists using a semi-quantitative method. Lung injury was semiquantitatively
assessed based on the following morphological criteria: alveolar septae, alveolar hemorrhage, intra-alveolar fibrin, and
intra-alveolar infiltrates. Each parameter was scored on a scale of 0 to 3, as previously described.*! The total lung injury
score was calculated as the sum of the scores for all parameters.

TNF-a, VEGF, IL-6, and Total Protein Levels in BALF

After sacrifice, a ligation on the right lung of the rat was conducted with a hemostatic clamp. The left lung was gently
washed two times with 0.5 mL of ice-cold phosphate buffered saline (PBS) to obtain the bronchoalveolar lavage fluid
(BALF). BALF samples were centrifuged at 3000 xg for 10 min at 4°C to remove the cell debris and the supernatant was
stored immediately at —80°C until analysis. Levels of IL-6, VEGF, and TNF-a in the supernatant were detected using
ELISA kits. The BCA protein assay kit was used to measure the total protein concentration in BALF.

Iron, MDA, GSH, and 4-HNE in Lung Tissues

A portion of the right lung was excised and washed to remove superficial blood. After homogenization with PBS, lung
tissues were centrifuged, and the supernatants were removed. Measurement of iron, MDA, GSH, and 4-HNE in
homogenates was performed using assay Kkits.

Measurement of Intracellular ROS Levels

Sterilized scissors and scalpels were used to cut the lung tissues into 3 to 5-mm-diameter pieces. Then, the lung tissue
samples were cultured in PBS containing 0.2% collagenase type 2. The cell suspensions were filtered through a 200-mesh
net to remove tissue fragments and cell clumps. Cell suspensions were centrifuged at 300 xg for 5 min at 4°C and the
supernatant was discarded. Subsequently, the cells were washed twice in PBS by centrifugation (5 minutes, 300 xg, room
temperature). Cells were resuspended in flow buffer, collected, and suspended in diluted dichlorodihydrofluorescein
diacetate at a cell concentration of 1x10%/mL. Then, cells were incubated in a tissue culture incubator (5% CO2, 37°C,
20 min). At last, cells were harvested and analyzed in a flow cytometer after being washed three times with a serum-free
cell culture medium.

Transmission Electron Microscopy (TEM)
The lung tissues were fixed with 3% glutaraldehyde and the post-fixation was done with 1% osmium tetroxide.
Dehydration of samples was achieved with concentration gradient acetone followed by embedding in EPON 812
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resin. The resin blocks were ultra-thin sectioned at 6090 nm with an ultramicrotome and mounted on copper grids.
Staining of ultra-thin sections was conducted at room temperature for 15 min with uranyl acetate, followed by 2 min with
lead citrate. Transmission electron microscopy (TEM) images were captured by JEM-1400Flash (Tokyo, Japan).

Immunofluorescence Staining

The paraffin-embedded lung tissues were sectioned to 4 um thickness and were deparaffinized with xylene, and then
rehydrated through a graded ethanol series. Antigen retrieval was conducted by boiling the fixed tissue sections in a 0.01
M sodium citrate buffer (pH 6.0) for 30 min. Then, the sections were cooled before washing 3 times with PBS for 5 min
each. Later, tissue sections were blocked with 10% goat serum. Consecutively, the sections were incubated with the
following antibodies overnight at 4 °C:anti-Nrf2 (1:100), and anti-GPX4 (1:100). The following day, the sections were
incubated with biotinylated goat anti-rabbit immunoglobulins for one hour at room temperature. Finally, the sections
were counterstained with 4’-6-diamidino-2-phenylindole (DAPI) to highlight the nuclei, and images were taken with
a fluorescence microscope (Olympus, Tokyo, Japan). Fluorescence intensity was quantified using Image-J software.

Western Blotting

Following the sacrifice of rats, lung tissue samples were collected and snap-frozen in liquid nitrogen immediately. Then,
lung tissue samples were preserved in a —80°C freezer. To prepare lysates, lung tissues were homogenized with a lysis
buffer. Supernatants were collected after centrifugation of lung homogenates at 12000g.

Supernatant protein concentration was measured using a BCA assay kit. Proteins were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, proteins were transferred onto poly-
vinylidene difluoride (PVDF) membranes. The membranes were then blocked with 5% non-fat milk or bovine serum
albumin (BSA) in tris-buffered saline (TBS) containing 0.10% Tween 20 for 1 hour at room temperature. The membranes
were incubated overnight at 4°C with the primary antibodies. On the second day, the PVDF membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies at room temperature for 2 hours. Detection of the protein

bands was performed with enhanced chemiluminescence substrate and images were acquired with an image analyzer
(Bio-Rad, USA).

Statistical Analysis

Data are expressed as mean + standard error of the mean (SEM). Data with a normal distribution were evaluated by one-
way analysis of variance (ANOVA). The Kruskal-Wallis test was performed when the data did not conform to a normal
distribution. All statistical analyses were performed using GraphPad Prism 8.0 software (San Diego, CA, USA).
A p-value < 0.05 was set as statistically significant.

Results

Eleutheroside E Effectively Mitigated the Severity of Lung Edema Induced by Hypobaric
Hypoxia

We assessed pulmonary edema severity by measuring the lung W/D weight ratio. As depicted in Figure 1A, exposure to
a hypobaric hypoxia environment significantly increased the W/D ratio in the HHM group. Notably, eleutheroside
E pretreatment reversed the elevation in lung W/D weight ratio in a dose-dependent manner. Hypobaric hypoxia exposure
led to an extensive amount of hemorrhage in the alveoli along with thickening of the alveolar walls, inflammatory cell
infiltration, and alveolar and interstitial edema (Figure 1B and C). Importantly, eleutheroside E pretreatment markedly
ameliorated the aforementioned pathological changes, and the degree of improvement exhibited a positive correlation
with the administered dose. The VEGF, IL-6, TNF-q, and total protein levels in BALF increased following exposure to
hypobaric hypoxia, indicating a large inflammatory exudation of the alveoli and bronchi. However, these elevations were
reversed by eleutheroside E pretreatment. Eleutheroside E, akin to the positive control drug dexamethasone, counteracted
the hypobaric hypoxia-induced rise in VEGEF, IL-6, TNF-a and total protein in BALF, indirectly suggesting that
eleutheroside E has a protective effect on HAPE (Figure 1D).
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Figure | Eleutheroside E pretreatment attenuated lung edema. (A) Eleutheroside E improved lung edema (seven rats in each group). (B) Lung tissue sections were stained
with H&E for histopathologic analysis. (four rats in each group, original magnification 200%, 400x, respectively). Black arrow: alveolar congestion, green arrow: infiltration of
inflammatory cells; blue arrow: exudates in the alveolar space; (C) Histologic score of lung sections. (D) Effect of eleutheroside E on TNF-q, IL-6, VEGF, and total protein in
BALF (seven rats in each group). **P < 0.001, ¥*:P<0.0001 vs. NC group; *P < 0.05, *P < 0.01, ##p <0.001, **p <0.0001 vs. HHM group; %P < 0.05, %P < 0.01, 3&&p <
0.001 vs. EE 100 group. Data are expressed as mean + SEM and analyzed by ANOVA.

Eleutheroside E Pretreatment Has Taken a Major Role in the Correction of Hypoxia in
HAPE

In contrast to the NC group, the pH value was up-regulated in the HHM group, indicating that hypobaric hypoxia
exposure led to disruptions in the acid-base balance. While the pH value exhibited a slight decrease in the EE50 and
EE100 groups, these changes were not statistically significant. Following hypobaric hypoxia exposure, there were
increases in PaCO2 and HCO3 concentrations, possibly due to hyperventilation. Although not statistically significant,
pretreatment with eleutheroside E reversed the changes in PaCO, and HCOj; concentration. At the same time, hypobaric
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Figure 2 The effects of eleutheroside E in the correction of hypoxia in HAPE. (A) Effect of eleutheroside E on levels of pH, PaCO2, HCO3, PaO2, SaO2, Hb and Hct (seven
rats in each group). (B and C) Proteins expression of HIF-1a, AQPI, and AQP4 (seven rats in each group). ¥P < 0.01, ¥ < 0.001, ¥*P<0.0001 vs. NC group; *P < 0.05,
#p < 0.01, P <0.001 vs. HHM group. Data are expressed as mean + SEM and analyzed by ANOVA.

hypoxia exposure resulted in reduced PaO2 and SaO2 levels, but eleutheroside E pretreatment dose-dependently
increased both PaO2 and SaO2. Additionally, Hb and Hct concentrations increased after hypobaric hypoxia exposure,
whereas eleutheroside E pretreatment reversed the changes in Hb and Hct concentrations to some extent (Figure 2A).

As illustrated in Figure 2B and C, a significant up-regulation of hypoxia-inducible factor-lo (HIF-1a) and
a significant inhibition of aquaporin 1 (AQP1) and aquaporin 4 (AQP4) were reported after hypobaric hypoxia exposure.
Importantly, eleutheroside E pretreatment markedly reversed the aforementioned changes. These findings indicated that
eleutheroside E holds promise as a potential therapeutic agent against HAPE.

Eleutheroside E Demonstrated Protective Effects in the Context of HAPE Through Its

Anti-Oxidative Stress Properties
We observed that hypobaric hypoxia exposure induced an accumulation of ROS, whereas the ROS expression was
suppressed by eleutheroside E pretreatment (Figure 3A). Furthermore, eleutheroside E exhibited a dose-dependent
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Figure 3 The anti-oxidant effects of eleutheroside E pretreatment in HAPE. (A) Effect of eleutheroside E on intracellular ROS levels (four rats in each group). (B) Effect of
eleutheroside E on 4-HNE, MDA, and GSH (seven rats in each group). *P < 0.01, *¥*P < 0.001, **P<0.0001 vs. NC group; *P < 0.05, “P < 0.01, *#p <0.001 vs. HHM
group; P < 0.05 vs. EE 100 group. Data are expressed as mean + SEM and analyzed by ANOVA.

capacity to reverse the alterations in 4-HNE, MDA, and GSH triggered by hypobaric hypoxia (Figure 3B). These above
findings underscored that hypobaric hypoxia exposure resulted in oxidative stress, excessive ROS production, and
a disruption of the redox balance. Notably, eleutheroside E pretreatment successfully counteracted these aforementioned

changes.

Eleutheroside E Exerts a Negative Regulatory Effect on Ferritinophagy in HAPE

Ferritinophagy is governed by the cargo receptor NCOA4, which directly interacts with FTH1, leading to the delivery of
the ferritin complex to autophagosomes for lysosomal degradation and iron release.*> Under electron microscopy, it was
evident that autolysosomes accumulated, and typical morphological changes associated with ferroptosis were observed in
the HHM group compared to the NC group. However, treatment with eleutheroside E effectively reduced the accumula-
tion of autolysosomes and reversed the mitochondrial morphological changes associated with ferroptosis. This implies
that eleutheroside E, in part, functions by inhibiting ferritinophagy. (Figure 4A). Subsequently, the iron content in the
tissues was measured. In the HHM group, overactivated autophagy led to the degradation of ferritin and the release of
free iron ions. Notably, eleutheroside E application reduced this iron release, indirectly indicating its protective effect
against HAPE (Figure 4B). For further validation, markers of ferritinophagy, including SQSTM1, FTH1, NCOA4, and
TFRC, were examined using Western blotting. The detected bands are presented in Figure 4C and D. The protein

8 https: Journal of Inflammation Research 2026:19



Wang et al

_ 200
K
g
S 150
o
€
2 100
c
g
2 50
4
P oo
B0 B O
EE 50 EE 100
SQSTM1 T —————— | 62kDa i y 2o . .
FTH1 | S v “ s W 21kDa g ~ I-&;# g 1 o) 4
g [ E w545 #it Za v
NCOAY [ s = 75kDa <10 & 4 2.0 P g it 33
S = i = = £ v
TFRC [l &7 1 W ¥ 8| 84kDa H i £ ; g 10 8 Do
I N s ? a T2
[B-actin |mee——————— 42kDa §°-5 Sos i 2os g CHM
= v o 4
Hypobaric hypoxia — — + + + + § £ % ’u_.1 .
i o 0 0.0
Eleutheroside E. — 100 — 50 100 — L T T T T T T T T T T T
O & N S O & D D S O & NS O & SO o
Dexamethasone — — — _— _ 4 T L o = Q’Q@‘éf’é/\“ g ~ «/Qg‘éf’é/\“ * ~ @Q@éﬁé’»& &
E EE 50 EE 100 Dex
o
<
o
<t
<
(@)
O
z
)]
L
Q
o
(1]
=

Figure 4 Eleutheroside E suppress ferritinophagy in HAPE. (A) The remarkable images of ferritinophagy ultrastructure by TEM (four rats in each group, original
magnification 6000, 25,000%, respectively). Red arrows: mitochondrial changes of ferroptosis; blue arrows: autolysosomes. (B) Eleutheroside E suppressed iron release
in lung tissue (seven rats in each group). (C and D) Proteins expression of SQSTMI, FTHI, NCOAA4, and TFRC (seven rats in each group). (E) Immunofluorescence assays of
NCOAA4. (four rats in each group, original magnification 200%). **P < 0.01, **<0,0001 vs. NC group; P < 0.05, P < 0.01, *#Pp <0.001, P <0.0001 vs. HHM group;
&p < 0.05, P < 0.01 vs. EE 100 group. Data are expressed as mean + SEM and analyzed by ANOVA.

expression levels of SQSTM1 and FTH1 were significantly lower in the HHM group and higher in the EE groups, with
a dose-dependent relationship. Furthermore, NCOA4 and TFRC expression were significantly increased in the HHM
group but decreased in the EE100 group. We also verified the expression of NCOAA4, a ferritinophagy-related protein,
through immunofluorescence staining. Immunofluorescence staining of lung tissues showed that NCOA4 expression was
enhanced by hypobaric hypoxia exposure, and eleutheroside E administration markedly reversed these changes
(Figure 4E). Taken together, eleutheroside E effectively inhibits the expression of ferritinophagy-related proteins in
hypoxic lung tissues, and this inhibition is positively correlated with the dosage of eleutheroside E. This suggests that
eleutheroside E mitigates autophagy, thus suppressing iron release in lung tissues exposed to a hypobaric hypoxic
environment.
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Figure 5 Autophagy facilitated ferroptosis in HAPE. (A and B) Proteins expression of GPX4, SLC7Al |, and TFRC (seven rats in each group). (C) Immunofluorescence
assays of GPX4. (four rats in each group, original magnification 200x). (D) The remarkable images of ferroptosis ultrastructure by TEM (four rats in each group, original
magnification 6000%, 25,000, respectively). Red arrows: mitochondrial changes of ferroptosis. *%P<0.0001 vs. NC group; *P < 0.05, *##p <0,0001 vs. HHM group. Data
are expressed as mean + SEM and analyzed by ANOVA.

Inhibition of Autophagy Diminished Hypobaric Hypoxia-Induced Ferroptosis

We employed 3-MA, an early-stage autophagy inhibitor, to hinder the formation of autophagosomes and investigated its
impact on ferroptosis. Associated proteins were detected by immunoblot to verify the impact of autophagy on ferroptosis.
As depicted in Figure 5A and B, lung GPX4, SLC7A11, and HO-1 expression decreased after exposure to hypobaric
hypoxia. However, 3-MA administration significantly improved the protein expression levels of these ferroptosis
markers. It can be inferred that the inhibition of autophagy may alleviate ferroptosis-induced tissue injury. Through
immunofluorescence staining, we found that GPX4 protein expression was elevated compared with that of the HHM
group following the administration of 3-MA (Figure 5C). Moreover, electron microscopic analysis of alveolar type 11
epithelial cells shows reduced mitochondrial volume, increased mitochondrial electron and membrane densities, and
decreased mitochondrial cristae junctions. These changes in mitochondrial morphology are characteristic features of
ferroptosis. Significantly, treatment with 3-MA, an autophagy inhibitor, reduced this form of cell death (Figure 5D).
Thus, the role of autophagy on ferroptosis was investigated in the current study, highlighting that autophagy may
facilitate ferroptosis through a specific form of cargo-specific autophagy known as ferritinophagy.

RSL3 Application Weakened the Inhibitory Effects of Eleutheroside E on
Ferritinophagy

Our findings demonstrate that ferritinophagy, a novel form of autophagy, promotes ferroptotic cell death in HAPE; and
eleutheroside E alleviates autophagy to suppress ferroptosis under a hypobaric hypoxic environment. In further valida-
tion, RSL3, a specific agonist, was applied to verify the impact of ferroptosis on ferritinophagy. Compared with the
EE100 group, we observed contrasting trends in the expression of SQSTM1, FTH1, NCOA4, and TFRC in rats treated
with RSL3 (Figure 6A and B). This suggests that the occurrence of ferroptosis has some degree of influence on
ferritinophagy. We investigated the ultrastructural changes of lung tissue under an electron microscope, and typical
features of mitochondrial morphology associated with ferroptosis were evident. Compared to the EE100 group, RSL3

treatment increased the number of autolysosomes and enhanced mitochondrial morphological changes indicative of
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Figure 6 Effects of ferroptosis activation on ferritinophagy in eleutheroside E against HAPE. (A and B) Proteins expression of FTHI, SQSTMI, NCOA4, and TFRC (seven
rats in each group). (C) The remarkable images of ferritinophagy ultrastructure by TEM (four rats in each group, original magnification 6000%, 25,000%, respectively). Red
arrows: mitochondrial changes of ferroptosis; blue arrows: autolysosomes. (D) Immunofluorescence assays of NCOA4 (four rats in each group, original magnification 200%).
#P < 0.05, P < 0.01, *#Pp <0.0001 vs. HHM group; #%%P < 0.001, #5%&p < 00001 vs. EE 100 group. Data are expressed as mean % SEM and analyzed by ANOVA.

ferroptosis (Figure 6C). Through immunofiuorescence staining, we found that NCOA4 protein expression was elevated
in comparison to the EE100 group following the administration of RSL3 (Figure 6D). Our earlier confirmation indicated
that eleutheroside E pretreatment ameliorated ferrintinophagy against HAPE, while the anti-ferrintinophagy effects of
eleutheroside E were diminished by RSL3 application. The results indirectly elucidated that autophagy and ferroptosis
are subject to complex reciprocal regulation in HAPE.

Eleutheroside E Alleviated Ferritinophagy-Mediated Ferroptosis in HAPE via the
Keap [-Nrf2 Axis

We have previously established that ferroptosis is intricately involved in the development of HAPE and that eleutheroside
E exerts a negative regulatory effect on ferritinophagy in this context. To investigate the regulatory effect of eleutheroside
E on ferroptosis-related proteins, including GPX4 and SLC7A11, we conducted Western blot assays. As indicated in
Figure 7A and B, eleutheroside E elevated the levels of GPX4 and SLC7A11 in a dose-dependent manner, with the
highest dose of eleutheroside E showing the most significant effect. Nrf2 is negatively regulated by the Keapl protein,
which plays a crucial role in mediating the ferritinophagy-dependent activation of ferroptosis.®> Our results suggested
that the hypobaric hypoxia exposure up-regulated Keapl expression and down-regulated Nrf2 expression compared to
the NC group. However, eleutheroside E treatment partially reversed these trends (Figure 7A and B).

In the following section, we employed ML385, an Nrf2 inhibitor, to validate the influence of the Keap1-Nrf2 axis in
ferritinophagy-mediated ferroptosis. In contrast to the EE100 group, Keapl protein expression decreased, and Nrf2
protein expression increased after ML385 application (EE100 + ML385 group), thereby contributing to the alterations in
ferritinophagy-related proteins. The trends observed in the bands of SQSTM1, FTH1, NCOA4, TFRC, and GPX4, which
were modulated by eleutheroside E, were reversed after ML385 treatment (Figure 8A and B). Immunofluorescence
double staining of Nrf2 and NCOA4 was performed to demonstrate changes in ferritinophagy-associated proteins. In
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Figure 7 The effect of eleutheroside E on ferritinophagy-mediated ferroptosis. (A and B) Proteins expression of Nrf2, GPX4, SLC7Al |, and Keap| (seven rats in each
group). *P<0.05, *¥P<0.0001 vs. NC group; *P < 0.05, *P < 0.01, ™#P < 0.001 vs. HHM group; *P < 0.01 vs. EE 100 group. Data are expressed as mean + SEM and
analyzed by ANOVA.

comparison to the HHM group, lung tissues exhibited enhanced Nrf2 fluorescence intensity and attenuated NCOA4
fluorescence intensity in the EE100 group, respectively. However, this trend was found to be reversed in the EE100
+ML385 group (Figure 8C). H&E staining showed that ML385 triggered inflammatory cell infiltration and alveolar
hemorrhage in the EE100 + ML385 group compared to the EE100 group (Figure 8D). It appears that ML385 injection
counteracted the anti-ferritinophagy effects of eleutheroside E. These findings reinforced that eleutheroside E might have
a therapeutic role against HAPE by modulating ferritinophagy-mediated ferroptosis via the Keap1-Nrf2 axis.

Discussion

Our research uncovered that extreme plateau environments can trigger oxidative stress and ferritinophagy-mediated
ferroptosis, ultimately contributing to pulmonary edema. The results indicated that eleutheroside E has therapeutic effects
on high-altitude pulmonary edema. In addition, the anti-ferritinophagy molecular mechanisms of eleutheroside E against
HAPE were validated through experiments in vivo (Figure 9).

HAPE is a condition characterized by an abnormal accumulation of fluids in the lungs, often occurring at altitudes
exceeding 3000 meters.>* Eleutheroside E has been shown to reduce ischemia-reperfusion (I/R) injury by inhibiting
inflammation and intracellular ROS production.>> Moreover, eleutheroside E showed therapeutic potential against edema
through modulation of the endothelial barrier function and exhibited anti-fatigue effects via improvement of exercise
tolerance in mice.*®*” Given these findings, we explored whether eleutheroside E could be beneficial in an animal model
of HAPE.

Hypoxia-stimulated inflammatory chemokines may contribute to the progression of HAPE by damaging lung
endothelial cells.*® In addition, hypoxia may increase the pulmonary capillary pressure and cause capillary leakage.
Inflammatory mediators are soluble proteins actively secreted by resident and infiltrating immune cells into the airway
lumen and alveolar space.*® In the pathophysiological process of HAPE, the alveolar-capillary barrier represents the
primary site of injury, where inflammatory cytokines act locally to modulate endothelial and epithelial permeability.*’
Cytokines measured in BALF reflect dynamic inflammatory responses with high sensitivity, as they represent the balance
between local production and clearance within the alveolar space.*' Key ferroptosis markers (eg., GPX4, SLC7A11, and
ferritin) are intracellular proteins that require tissue lysis or histological sectioning for accurate quantification; these
markers cannot be reliably detected in BALF because they are not actively secreted.* In our study, hypobaric hypoxia
exposure significantly increased the total protein content in BALF. Large amounts of proteins can enter into the alveolar
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Figure 8 The inhibitory effect of eleutheroside E on ferritinophagy-mediated ferroptosis was abolished by ML385. (A and B) Proteins expression of Nrf2, Keapl, SQSTMI,
NCOA4, FTHI, TFRC, and GPX4 (seven rats in each group). (C) Immunofluorescence assays of Nrf2 and NCOAA4 (four rats in each group, original magnification 200x). (D)
Lung tissue sections were stained with H&E for histopathologic analysis. (four rats in each group, original magnification 200x, 400%, respectively). Black arrow: alveolar
congestion, green arrow: infiltration of inflammatory cells; blue arrow: exudates in the alveolar space. ###p < 0.00 l, #H#p <0,0001 vs. HHM group; &&p <001 s &&&p < 0,00 l,
&&&&p < 0,001 vs. EE 100 group. Data are expressed as mean * SEM and analyzed by ANOVA.

spaces and pulmonary tissues, resulting in lung edema. We have also identified high expression levels of VEGF in BALF.
VEGF is a mediator playing a pivotal role in the development of pulmonary edema.** IL-6 is one of the major factors
influencing the acute phase protein synthesis during the acute phase response.** TNF-a is involved in promoting
neutrophil production and activation, thus causing inflammation and tissue injury.*> Consistently with previously
published studies,*® we found that IL-6 and TNF-a levels in BALF markedly increased after hypobaric hypoxia
exposure.

Low oxygen pressure and low oxygen content are characteristics of high altitudes, leading to inadequate tissue
oxygenation,*” The blood gas analysis indicated a high pH in the HHM group, possibly caused by obstruction of oxygen
exchange in the alveoli of the lungs. The observed changes in pH induced by hypobaric hypoxia appeared not consistent
with a previous study.*® The differences might be due to different altitudes, different durations of hypobaric hypoxia
exposure, and different ascent behaviors. PaO2 and PaCO2 were reduced by a hypobaric hypoxia exposure of 48 hours at
5000 m of altitude, possibly because the activation of carotid chemoreceptors resulted in hyperventilation and hypo-
capnia. In addition, hypoxia stress may increase hemoglobin and hematocrit levels. Elevated hemoglobin levels increase
the oxygen-carrying capacity of blood, compensating for hypoxic hypoxia at high altitudes.*” We showed similar findings
in our hypobaric hypoxia group.

HIF-1a is a well-known biomarker for hypoxia. It is involved in the hypoxia-mediated effects of TNF-0.>° The effects
of eleutheroside E may reduce TNF-a expression through inhibition of HIF-la. An essential component of HAPE
pathogenesis is the disruption of alveolar-capillary barrier integrity. Exposure to hypobaric hypoxia triggers uneven

Journal of Inflammation Research 2026:19 hetps: 13



Wang et al

HAPE i i
' Eleutheroside E Hypobaric hypoxia E

Coady

|

Keap1 Keap1

e <

Translocation v FTHA1
Fe**
Nrf2
ARE @
; 7 7 Ferroptosis ROS g.-,gy o /TCA
DXOOOOOK i = ° leycle
o f
—~ " T Fenton

N 1l /

Figure 9 The protective effect of eleutheroside E on HAPE and the underlying mechanisms.

hypoxic pulmonary vasoconstriction, leading to “stress failure” of pulmonary capillaries and subsequent ultrastructural
damage to endothelial and epithelial membranes, as confirmed by electron microscopic observations.'>' This barrier
disruption increases vascular permeability and initiates local inflammatory responses, collectively compromising pul-
monary fluid homeostasis. Aquaporins (AQPs), particularly AQP1 and AQP4, are water channel proteins crucial for
maintaining lung fluid balance. AQP1 is primarily localized to pulmonary capillary endothelial cells, while AQP4 is
expressed in alveolar epithelial cells. Under physiological conditions, these AQPs facilitate transcellular water movement
and contribute to the active reabsorption of interstitial and alveolar fluid. However, when the alveolar-capillary barrier is
compromised by hypoxic injury, the expression and membrane localization of AQP1 and AQP4 may become
dysregulated.> Thus, the interplay between barrier disruption and AQP dysfunction represents a critical determinant
of HAPE progression. A previous study found that the expression of aquaporin-1 was downregulated in a model of
HAPE.>® Similarly, an augmented expression of AQP4 was considered protective against lung edema.>® Eleutheroside
E was beneficial for HAPE through the modulation of HIF-1a, AQP1, and AQP4 expression levels.

A high-altitude hypoxic environment alters oxygen homeostasis and stimulates oxidative stress. Proteins, lipids, and
nucleic acids can be easily oxidized in the presence of ROS, leading to irreversible damage to DNA, cell membranes, and
other cellular structures.>® 4-HNE, an unsaturated hydroxyalkenal, derives from lipid peroxidation and is used as a tissue
marker for lipid peroxidation.”® Membrane lipid peroxidation produces MDA, an enzyme damaging the mitochondrial
respiration chain.’” Contrary to 4-HNE and MDA, GSH counterbalances the effects of ROS and alleviates the damage of
free radicals. We found that the expression of the aforementioned markers of oxidative stress was consistent with the
ROS results.

Several pathways of programmed cell death are involved in high-altitude illness, including autophagy, senescence,
and apoptosis.”® ®® Ferroptosis is characterized by significant elevation in intracellular labile iron level, ROS, and lipid
peroxides, serving crucial roles in hypoxic diseases. Exposure to high altitude resulted in substantial and wide-ranging
alterations in iron metabolism, resulting in iron overload, which can catalyze the production of free radicals through the
Fenton reaction.'® A recent study revealed that acute high-altitude hypoxia exposure triggered increasing brain
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formaldehyde levels, contributing to neuronal ferroptosis.'> Such ferroptosis-related mitochondria morphological
changes were also observed in AECII with hypobaric hypoxia in our study. The inactivation of GPX4 and subsequent
accumulation of ROS serve as central regulators of ferroptosis.®’ The link between ferroptosis and alveolar-capillary
barrier dysfunction likely involves multiple interconnected mechanisms. First, ferroptotic cell death directly eliminates
barrier-forming cells. Pulmonary endothelial cells and alveolar epithelial cells are both susceptible to ferroptosis under
oxidative stress conditions, and their loss creates physical gaps that permit fluid and protein leakage.®® Second, lipid
peroxidation—the hallmark of ferroptosis—can disrupt intercellular junctions before overt cell death. 4-Hydroxynonenal
(4-HNE), a major lipid peroxidation product, has been shown to covalently modify and destabilize VE-cadherin and ZO-
1, compromising endothelial and epithelial barrier integrity.®® Third, ferroptotic cells release damage-associated mole-
cular patterns (DAMPs) including HMGBI, oxidized lipids, and cell-free DNA, which activate pattern recognition
receptors on adjacent cells and infiltrating immune cells. This triggers a pro-inflammatory cascade (eg., IL-1p, TNF-a
production) that further increases vascular permeability and recruits additional inflammatory cells, creating a vicious
cycle.®* Collectively, these mechanisms converge to disrupt alveolar-capillary barrier integrity and promote HAPE.

From another aspect, research on the correlation between autophagy and ferroptosis has become a hot topic.
Ferritinophagy is a form of selective autophagy responsible for degrading intracellular ferritin, mediated by NCOA4.
Given that NCOA4-mediated ferritinophagy directly liberates redox-active iron, we reason that ferritinophagy likely
represents an upstream trigger. This is consistent with studies showing that ferritinophagy activation precedes ferroptosis
in other cell types under oxidative stress conditions.®> Once ferroptosis is initiated, the resulting accumulation of lipid
peroxides and mitochondrial dysfunction may further promote iron dyshomeostasis, creating a positive feedback loop
that amplifies ferritinophagy.®® While our data reveal reciprocal regulation, the precise nature of this amplification
mechanism requires future investigation using time-course analyses and sequential inhibition approaches. Electron
microscopy in our current research has already revealed the autolysosome accumulation and typical morphological
changes associated with ferroptosis under hypobaric hypoxia exposure. Our study unveiled that eleutheroside E alleviates
autophagy, thereby suppressing iron release in lung tissues under hypobaric hypoxic conditions. SQSTMI is an
autophagy substrate, and the reduction of SQSTM1 serves as a marker of autophagy activation.®’ We demonstrated
that eleutheroside E modulates the ferritinophagy-related proteins, including autophagy marker proteins (SQSTMI,
NCOA4) and iron metabolism-related proteins (FTH1, TFRC). Clearly, the suppression of ferritinophagy-mediated
ferroptosis could be a candidate mechanism underlying the therapeutic action of eleutheroside E against HAPE.

Regarding to the role of autophagy in HAPE-associated ferroptosis, we demonstrated that autophagy regulates
ferroptosis by using 3-MA, an autophagy inhibitor. Conversely, we also applied RSL3 in our research to confirm the
modulation of ferroptosis on ferritinophagy. Through a combination of several experimental approaches, including
immunoblotting, electron microscopy, and immunoelectron microscopy, accumulating evidence strongly indicates the
involvement of autophagy and ferroptosis in the pathological process of HAPE. Ferritin can be degraded by autophagy
with the assistance of NCOA4, which drives ferritin to the lysosome and subsequent iron release, contributing to the
release of free iron and resulting in ferroptosis. However, the current study primarily focused on ferritinophagy-mediated
ferroptosis in HAPE. Other types of autophagy, such as lipophagy, clockophagy, and chaperone-mediated autophagy,
may also contribute to the induction of ferroptosis by degrading negative regulators of ferroptosis.®®%° Further investiga-
tion is needed to understand the specific molecular mechanisms of ferritinophagy, the role of other autophagy types in
ferroptosis regulation, and the interactions and feedback loops between autophagy and ferroptosis in HAPE.

Previous studies indicated that Nrf2 activation could be a potential candidate for high-altitude illness prevention.””°
Research showed that the Keapl-Nrf2 axis may also be involved in autophagy and ferroptosis regulation.”’’* Nrf2
facilitates the ubiquitylation and degradation of NCOA4 by the proteasome, leading to the inhibition of ferritinophagy
and a reduction in cell sensitivity to ferroptosis.”* However, Nrf2 also directly impacts autophagy, and knocking down
Nrf2 resulted in an increase in autophagy.”* Keapl, a negative regulator of Nrf2, directly mediates the ubiquitylation and
proteasomal degradation of Nrf2, involving in regulation of oxidative stress and ferritinophagy. Our experiments
suggested that eleutheroside E exerted therapeutic effects on HAPE by suppressing ferritinophagy-mediated ferroptosis
via the Keapl-Nrf2 axis. GPX4, as well as HO-1 and SLC7A11 are downstream genes of the Keapl-Nrf2 axis that
reduce ROS levels and ferroptosis.”>”” FTH1 is responsible for the oxidation of Fe*" to Fe**, impeding the oxidative
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damage possibly caused by Fenton reactions.”® TFRC, along with FTHI, NCOA4, and SQSTMI, were identified as
critical ferritinophagy proteins. The changes in the aforementioned ferritinophagy-related proteins were in accordance
with our findings. Only a few studies reported different Nrf2 behaviors in hypoxia models.*”® The discrepancy may be
explained by different altitudes, different durations of hypobaric hypoxia exposure, and variability across animals and
tissues. It is possible that Keapl dissociates from Nrf2, allowing Nrf2 to translocate into the nucleus in an attempt to
compensate for the early stages of HAPE. However, when oxidative stress becomes too high, the effect of Nrf2
dissociation from Keapl may not be sufficient to counteract the oxidative stress. These findings support the notion
that eleutheroside E plays an anti-ferritinophagy and anti-oxidative role in HAPE. Currently, there is limited research on
the efficacy evaluation of eleutheroside E treatment for HAPE. We propose that the therapeutic effect of eleutheroside
E in HAPE might be attributed to its modulation of the Keap1-Nrf2 axis.

Limitations

Several limitations should be acknowledged. First, 3-MA is a broad-spectrum autophagy inhibitor that cannot definitively
distinguish ferritinophagy from other autophagic processes. The potential involvement of other autophagy pathways
cannot be excluded. Future studies are needed to investigate the potential involvement of macroautophagy, chaperone-
mediated autophagy, or other selective autophagy pathways in this context. Second, while our data demonstrate
bidirectional interaction between ferritinophagy and ferroptosis, the temporal and causal hierarchy remains to be
elucidated and requires time-resolved analyses. Third, eleutheroside E was administered intraperitoneally to ensure
reliable absorption under acute hypoxia, but this route does not reflect clinical practice where oral or inhaled adminis-
tration would be more feasible. Oral absorption may be compromised by hypoxia-induced gastrointestinal dysfunction,
while inhaled delivery requires formulation optimization.

Fourth, this study was conducted in a rat model, and caution should be exercised when extrapolating to humans. Fifth,
the exact mechanisms by which eleutheroside E modulates the Keap1-Nrf2 pathway remain unclear and require further
in vitro studies with gene silencing or knockout approaches. Sixth, the precise interplay between aquaporin function,
barrier disruption, and ferroptosis warrants additional investigation. Collectively, these limitations do not detract from the
primary findings but highlight important directions for future investigation.

Conclusion

In summary, the study reported that eleutheroside E has potential therapeutic effects against HAPE by suppressing
ferritinophagy-mediated ferroptosis through the Keap1-Nrf2 axis. While the extensive crosstalk and interaction between
autophagy and ferroptosis in HAPE remains unclear, our current study indicated ferroptosis as an autophagy-driven cell
death process. This study provided new insights into the extreme plateau environment-related diseases, contributing
towards incorporating anti-ferritinophagy and anti-ferroptosis strategies in the therapy of HAPE.
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