Front. Biosci. (Landmark Ed) 2026; 31(9): 54346
https://doi.org/10.31083/FBL54346

Landmark

Original Research

Targeting Reductive Stress With Oxygen Enrichment Rescues
Hippocampus-Dependent Memory Impairment after Acute Hypobaric
Hypoxia

Jiaojiao Mal>1®, Miao Miao>'®, Xiaohong Liu' ®, Xiaohong Tian'®, Chenxu Zhang!'®,

Yuanzhe Li'®, Chengcheng Zhao!®, Juan Liu'®, Kangning Xie!®, Chi Tang'*
Mingming Zhail:**
ISchool of Biomedical Engineering, The Air Force Military Medical University, 710032 Xi’an, Shaanxi, China
2School of Medicine, Xiamen University, 361102 Xiamen, Fujian, China
3 Affiliated Hospital of Medical School, Jinling Hospital, Nanjing University, 210093 Nanjing, Jiangsu, China
4Shaanxi Provincial Key Laboratory of Bioelectromagnetic Detection and Intelligent Perception, 710032 Xi’an, Shaanxi, China
*Correspondence: zhaimingming(@fmmu.edu.cn (Mingming Zhai)
These authors contributed equally.
Academic Editor: Thomas Heinbockel
Submitted: 29 May 2026 Revised: 29 July 2026 Accepted: 7 August 2026 Published: 17 September 2026

Abstract

Background: High-altitude hypobaric hypoxia is known to impair cognitive function, but the underlying mechanistic role of impaired
redox homeostasis in this context remains incompletely understood. This study investigated whether acute hypobaric hypoxia induces
oxidative stress and redox dysregulation in the hippocampus, and whether oxygen enrichment can mitigate these impairments by restoring
redox homeostasis. Methods: Spatial memory was assessed using the Morris water maze. Additionally, hippocampal morphology, redox
status (including glutathione/oxidized glutathione [GSH/GSSG], the reduced nicotinamide adenine dinucleotide/oxidized nicotinamide
adenine dinucleotide NADH/NAD+], and the reduced nicotinamide adenine dinucleotide phosphate/oxidized nicotinamide adenine din-
ucleotide phosphate [NADPH/NADP+] ratios, as well as antioxidant enzyme activity levels), and associated molecular pathways were
analyzed. Results: Following 3 days of hypoxia exposure, rats exhibited impaired spatial memory retention, increased neuronal apopto-
sis, and reduced neuronal viability in the hippocampal cornu ammonis 1 [CA1] region. The hippocampus displayed significantly altered
redox status, characterized by elevated GSH/GSSG, NADH/NAD+, and NADPH/NADP+ ratios, upregulated antioxidant enzymes (su-
peroxide dismutase [SOD], catalase [CAT], and glutathione peroxidase [GPX]), and decreased superoxide levels. These changes are
consistent with an adaptive nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated antioxidant response and a shift toward a re-
ductive state. Notably, oxygen enrichment rescued cognitive deficits, attenuated neuronal apoptosis, and normalized redox ratios and
the microtubule-associated protein 1A/1B-light chain 3-II/microtubule-associated protein 1A/1B-light chain 3-I (LC3B-1I/ LC3B-I) ratio.
Conclusions: Hypoxia-induced redox dysregulation is closely associated with cognitive impairment. Oxygen enrichment alleviates these
deficits by modulating the Nrf2-mediated adaptive response and restoring redox homeostasis, thereby supporting further investigation of
oxygen enrichment as a potential neuroprotective strategy.
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1. Introduction synaptic dysfunction [4]. Due to its high metabolic demand
and abundance of polyunsaturated fatty acids, the brain is
exceptionally susceptible to hypoxic insults, with the hip-
pocampus exhibiting particularly high levels of sensitivity
[5,6]. A growing body of evidence suggests that hypo-
baric hypoxia compromises cognitive functions, including
learning and memory. The hippocampal cornu ammonis 1
(CA1) region has been noted as a critical locus for hypoxia-

induced damage, exhibiting greater sensitivity compared to

Altitudes exceeding 2500 m are classified as high-
altitude regions [1]. These environments are characterized
by hypobaric conditions, where the lower partial pressure
of oxygen results in a drop in the effective oxygen content
available to the human body [2]. Rapid ascent to such alti-
tudes can precipitate acute mountain sickness, manifesting
as nausea, insomnia, dyspnea, and fatigue [3].

High-altitude cerebral edema (HACE) is a severe neu-
rological sequela triggered by hypobaric hypoxia that is
characterized by vasogenic edema and central nervous sys-
tem dysfunction. Its pathogenesis is primarily attributed
to the activation of inflammatory cascades and blood-brain
barrier (BBB) disruption, resulting in neuronal injury and

other subregions [7,8,9]. There is thus a pressing need to
elucidate protective mechanisms for CA1 neurons to inform
the development of therapeutic strategies against hypoxia-
induced cognitive impairment [10].

Phospholipids, including phosphatidylcholine (PC),
phosphatidylserine (PS), and phosphatidylethanolamine
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(PE), constitute the structural foundation of neuronal mem-
branes and are integral to the maintenance of mem-
brane fluidity, receptor localization, synaptic plasticity,
and autophagosome biogenesis. Studies utilizing 31P-
magnetic resonance spectroscopy (31P-MRS) combined
with metabolomics approaches have uncovered a positive
correlation between cerebral phospholipid metabolic in-
dices and performance in memory and executive func-
tion tasks [11]. In animal models, acute hypobaric hy-
poxia exposure at 6700 meters precipitates a decline in
choline levels and triggers impaired phospholipid biosyn-
thesis [12,13]. Human metabolomic profiling has further
revealed that high-altitude exposure significantly modu-
lates glycerophospholipid pathways, with this metabolic
shift coinciding with the onset of cognitive deterioration
[14]. These metabolic perturbations likely interact with
altitude-induced cerebral edema and redox imbalance, lead-
ing to the broader exacerbation of cognitive deficits.

Redox homeostasis is fundamental to cellular physi-
ology. While oxidative stress has been extensively charac-
terized in the context of high-altitude hypoxia, the patho-
logical implications of the opposing extreme—an exces-
sive shift toward a reduced state, termed reductive stress—
remain poorly understood [15]. Studies published to date
have largely focused on the deleterious effects of oxida-
tive stress on the nervous system under hypobaric hypoxia
[16,17]. The nuclear factor erythroid 2-related factor 2
(Nrf2) signaling pathway functions as a primary defense
mechanism upon hypoxia exposure, with nuclear Nrf2
translocation triggering the upregulation of antioxidant
gene expression and the restoration of redox balance. How-
ever, excessive or prolonged activation of this adaptive re-
sponse, when combined with the hypoxia-induced accumu-
lation of reducing equivalents (e.g., reduced nicotinamide
adenine dinucleotide [NADH] and reduced nicotinamide
adenine dinucleotide phosphate [NADPH]) due to electron
transport chain inhibition, may disrupt redox homeostasis
and favor a hyper-reduced cellular state [18,19]. Although
evidence suggests that such a reductive shift may impair
synaptic function and contribute to cognitive decline [20], it
may also represent a maladaptive consequence of the phys-
iological attempt to counteract hypoxia. Consequently, in-
discriminate enhancement of antioxidant capacity may not
be universally beneficial and theoretically has the potential
to exacerbate this reductive shift if redox homeostasis is not
strictly regulated [21,22,23].

Oxygen enrichment has been identified as an effec-
tive means of mitigating oxidative damage [24]. In high-
altitude plateau environments, each 1% increment in oxy-
gen concentration reduces the physiological equivalent alti-
tude by approximately 300 meters [25]. Empirical evidence
indicates that increasing indoor oxygen concentrations by
6% at an altitude of 5000 meters significantly enhances
reaction time, hand-eye coordination, and overall cogni-
tive performance [26]. Similarly, in patients with chronic

obstructive pulmonary disease (COPD), inhaling oxygen-
enriched air improves cerebral and muscular oxygen deliv-
ery, thereby augmenting both cognitive and motor functions
[27]. Despite these findings, the precise molecular mech-
anisms by which oxygen enrichment ameliorates cognitive
impairment remain elusive, largely due to the paucity of tar-
geted investigations.

The primary objective of this study was to evaluate
the efficacy of oxygen enrichment as a means of alleviat-
ing cognitive impairment induced by acute hypobaric hy-
poxia, with a specific focus on spatial memory retention
deficits. We further investigated whether oxygen enrich-
ment ameliorates these cognitive deficits by modulating re-
dox status and preventing the pathological accumulation of
reducing equivalents, thereby restoring redox homeostasis.
Specifically, we analyzed whether observed alterations in
antioxidant markers and redox ratios align with a shift to-
ward a reductive state, and clarified how oxygen enrich-
ment modulates this metabolic trajectory to preserve hip-
pocampal function.

2. Materials and Methods
2.1 Animals and Experimental Design

Eighteen male Sprague-Dawley rats (7 weeks old)
were obtained from the Animal Center of the Air Force Mil-
itary Medical University. The experimental protocol was
approved by the Institutional Animal Care and Use Com-
mittee of the The Air Force Military Medical University
(20260073), and all procedures were conducted in strict
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Rats were
housed under controlled environmental conditions: temper-
ature (23 °C £+ 1 °C), relative humidity (40%—-60%), and a
12-hour light/dark cycle.

Rats were randomized into three groups (n = 6): the
Normal Control group (NN), the Hypobaric Hypoxia group
(HH), and the Hypobaric Oxygen-enrichment group (HO).
The sample size for each group (n = 6) was determined
based on prior studies from our laboratory, which have
proven sufficient to detect significant differences. Rats in
the NN group were housed in a normoxic environment in
Xi’an (400 m above sea level). Rats in the HH and HO
groups were exposed to simulated high-altitude hypobaric
hypoxia (equivalent to 7000 m) in a hypobaric chamber
(ProOx810L; Tow Tech, Shanghai, China) for 3 days.

The HO group received oxygen enrichment via a
custom-developed device designed to simulate the oxygen
therapy provided to high-altitude residents while sleeping.
To account for the reversed circadian rhythms of rats com-
pared to humans, oxygen was administered for 12 hours
per day during their rest phase (08:00-20:00) [28]. The
oxygen enrichment system, comprising a portable oxygen
concentrator and an individually ventilated cage (IVC),
was placed inside the hypobaric chamber to create a lo-
calized oxygen-enriched microenvironment within the hy-
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poxic atmosphere. Environmental conditions (temperature
and housing) within the device were consistent with those
of the NN and HH groups. To minimize experimental vari-
ability caused by chamber opening, sufficient food and wa-
ter were provided to ensure ad libitum access throughout
the modeling period [29]. Preliminary measurements us-
ing an oxygen analyzer (OXYMATG61; Siemens, Erlangen,
Germany) confirmed that the oxygen concentration within
the IVC remained stable at 28.0% + 0.2%.

2.2 Sample Collection

At the designated time points, rats were euthanized
with 1% sodium pentobarbital (50 mg/kg, Sigma-Aldrich,
St.  Louis, MO, USA), and hippocampal tissues were
rapidly dissected. Samples were immediately snap-frozen
and stored at —80 °C until further analysis.

2.3 Morris Water Maze

The Morris water maze (MWM) was employed to
evaluate spatial memory retention. To ensure objectivity,
all behavioral tests and subsequent data analyses were per-
formed by an investigator blinded to the experimental group
assignments. Video recordings were randomly coded and
decoded only after the analysis had been completed. The
protocol consisted of a 5-day acquisition phase, followed by
aprobe trial on Day 9 (post-intervention). The entire MWM
procedure was conducted under normobaric normoxic con-
ditions.

During the acquisition phase, rats underwent four
training trials each day. For every trial, rats were released
from one of four different quadrants, with the platform po-
sition remaining fixed throughout this phase. The latency
for rats to reach the platform within a 120 s time limit was
recorded. If a rat failed to locate the platform by this time
limit, it was gently guided to the platform and allowed to
remain there for 15 s. Training sessions were conducted at
consistent times each day, and the swimming path and es-
cape latency were documented.

After completing the acquisition phase, rats in each
group were exposed to 3 days of hypobaric hypoxia or
oxygen-enriched conditions. Following the exposure, a
probe trial was conducted. In this trial, the platform was
removed, and rats were randomly placed in different quad-
rants to swim for 120 s. The following parameters were
recorded: the number of platform crossings, the number of
times the rats entered the target quadrant, and the duration
spent in the target quadrant. These measures were used to
assess spatial memory retention.

2.4 Histomorphologic Analyses
2.4.1 Hematoxylin-Eosin (H&E) Staining

After the modeling phase, rats were euthanized with a
1% sodium pentobarbital solution (50 mg/kg). The excised
brain tissue was first fixed in 4% paraformaldehyde (P0099,
Beyotime, Shanghai, China), then embedded in paraffin
wax, and sectioned using standard pathological techniques.
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Coronal sections (5 pm thick) of paraffin-embedded
whole rat brains were deparaffinized in xylene and re-
hydrated through a graded ethanol series. The sections
were stained with hematoxylin, differentiated with 1% acid-
alcohol, blued, and then counterstained with eosin. Sub-
sequently, the sections were dehydrated through a graded
ethanol series, cleared in xylene, and mounted with neutral
resin. The hippocampal CA1 region was scanned using an
Olympus VS200 digital slide microscope (Olympus Cor-
poration, Tokyo, Japan). Histological counting was per-
formed by an independent researcher blinded to the treat-
ment groups. The digital slide images were anonymized
and randomly numbered before microscopic examination
to maintain blinding. Under blinded conditions, five ran-
dom fields were selected, and the number of normal neurons
per unit area was quantified using the Fiji software (version
1.54f, National Institutes of Health, Bethesda, MD, USA).

2.4.2 Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) Staining

For terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining, paraffin-embedded sec-
tions were deparaffinized and rehydrated using the same
approach outlined for hematoxylin and eosin (H&E) stain-
ing. The sections were treated with proteinase K for per-
meabilization, and TUNEL staining was then performed
using a commercial kit (GB1501, Service Bio, Wuhan,
Hubei, China) in strict accordance with the manufacturer’s
instructions. After washing with phosphate-buffered saline
(PBS)(G4202, ServiceBio, Wuhan, Hubei, China), the sec-
tions were blocked with 5% bovine serum albumin (BSA)
for 30 min at room temperature, followed by incuba-
tion with a rabbit anti-NeuN primary antibody (1:3000,
GB11138, Service Bio) overnight at 4 °C. Sections were
then incubated with a Cy3-conjugated goat anti-rabbit sec-
ondary antibody (1:300, GB21303, Service Bio) for 1 h
at room temperature in the dark, and nuclei were coun-
terstained with 4',6-diamidino-2-phenylindole (DAPI). To
avoid observer bias, all fluorescence images were acquired,
and the TUNEL-positive cells were quantified by an inves-
tigator blinded to the experimental group allocation. Fi-
nally, images were captured using an Olympus FV31S flu-
orescence microscope (Olympus, Tokyo, Japan).

2.5 Superoxide Anion Quantification

Superoxide anion generation in rat hippocampal neu-
ronal cells was quantified via superoxide fluorescence
staining. Tissue boundaries were delineated with a histo-
chemical pen, and an autofluorescence quencher was ap-
plied for 5 minutes. The sections were then incubated with
superoxide staining solution (D7008, Sigma-Aldrich, St.
Louis, MO, USA) for 30 minutes. After incubation, slides
were washed with PBS and counterstained with DAPI for
10 minutes at room temperature, followed by three addi-
tional PBS washes and mounting with an anti-fade medium.
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Superoxide-positive cells were visualized using a fluores-
cence microscope (FV31S, Olympus, Japan). While dihy-
droethidium (DHE) is widely used as a selective probe for
superoxide, it is not DHE-specific and may also interact
with other reactive oxygen species (ROS). Thus, the fluo-
rescence signal from these analyses should be interpreted as
a primary indicator of superoxide levels with this technical
limitation in mind.

2.6 Redox-Related Marker and Enzyme Analyses

Superoxide dismutase (SOD) (A001-1, Nanjing
Jiancheng Bioengineering Institute, Nanjing, Jiangsu,
China), glutathione peroxidase (GPX) (G4307, Ser-
vicebio, China), catalase (CAT) (S0051, Beyotime,
China), and the levels of reduced/oxidized glutathione
(GSH/GSSG) (S0053, Beyotime, China), nicotinamide
adenine dinucleotide (NADH/NAD+) (S0175, Beyotime,
China), and nicotinamide adenine dinucleotide phosphate
(NADPH/NADP+) (S0180S, Beyotime, China) were
measured using appropriate commercial kits.

2.7 RNA-Seq

Hippocampal tissues from the NN, HH, and HO
groups were collected, with three replicates per group.
The samples were sequenced by Gene Denovo Biotech-
nology (Guangzhou, Guangdong, China), and the sequenc-
ing results were analyzed using Omicsmart (Gene Denovo,
Guangzhou, Guangdong, China). Differentially expressed
genes (DEGs) were identified based on the following crite-
ria: |log2FC| >1.5 and p < 0.05.

2.8 Quantitative RT-qPCR

Total RNA was extracted from hippocampal tissues
using the TRIzol reagent (15596018CN, Invitrogen, Carls-
bad, CA, USA). The purified RNA was then reverse-
transcribed into cDNA using the PrimeScript™ RT reagent
Kit (RR036A, Takara, Shiga, Japan). Quantitative real-
time PCR (RT-qPCR) was performed on a Roche Light-
Cycler® 480 System using TB Green® Premix Ex Taq™
(RR820A, Takara, Shiga, Japan). Target gene expression
levels were normalized to f-actin and quantified using the
272C method. All primer sequences are listed in Supple-
mentary Table 1.

2.9 Enzyme-Linked Immunosorbent Assays

PS (MM-70763R2, Meimian, Yancheng, Jiangsu,
China), PC (MM-71548R2, Meimian, China), and PE
(MM-71078R2, Meimian, China) contents were measured
with appropriate commercial enzyme-linked immunosor-
bent assay (ELISA) kits used in accordance with the man-
ufacturer’s instructions.

2.10 Transmission Electron Microscopy

The ultrastructural characteristics of autophagosomes
and mitochondria were examined using transmission elec-

tron microscopy (TEM; HT7800/HT7700, Hitachi High-
Tech Corporation, Tokyo, Japan). Following cerebral per-
fusion with normal saline and fixation with a mixture of
4% paraformaldehyde and 2.5% glutaraldehyde, hippocam-
pal tissue blocks (1 mm?®) were post-fixed in 1.0% osmium
tetroxide, dehydrated, resin-embedded, and polymerized.
Ultrathin sections (60 nm) were cut, mounted on copper
grids, stained, and observed. To ensure objectivity, im-
age acquisition and quantitative analyses were performed
by an investigator blinded to the experimental groups. For
each group, at least 20 random fields were analyzed. Au-
tophagosome density was quantified using ImageJ (version
1.54f, National Institutes of Health, Bethesda, MD, USA),
while mitochondrial damage was evaluated using a semi-
quantitative scoring system (0-2) based on ultrastructural
integrity, ranging from intact cristae (score: 0) to severe
swelling and disruption (score: 2). A minimum of 20 mito-
chondria were scored per field to ensure statistical reliabil-

ity.
2.11 Western Blotting

Total protein was extracted from rat hippocampal tis-
sue samples using radioimmunoprecipitation assay (RIPA)
(P0013B, Beyotime, Shanghai, China) lysis buffer. Cyto-
plasmic and nuclear proteins were separated using a com-
mercial kit (P0027, Beyotime, China), in accordance with
the manufacturer’s protocol. Protein concentrations were
determined using a bicinchoninic acid (BCA) protein as-
say kit (P0010, Beyotime, China). Proteins were separated
via sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis and subsequently transferred onto a polyvinyli-
dene difluoride (PVDF) membrane. Following transfer,
the membrane was blocked with 5% nonfat milk pow-
der. Membranes were incubated with primary antibod-
ies specific for P62 (1:1000, ab314504, Abcam), LC3B
(1:2000, ab192890, Abcam), Nrf2 (1:1000, ab313825, Ab-
cam), B-actin (1:2000, 4967S, CST, USA), and LaminB
(1:10,000, 12987-1-AP, Proteintech, USA) overnight at 4
°C. Membranes were then incubated with a secondary anti-
body (1:5000, GB23303, Servicebio, China) at room tem-
perature for 1 hour. Protein bands were visualized using a
chemiluminescence detection kit and an imaging system.
Image analysis and quantification were performed using
Imagel. To ensure objectivity, the quantification of band
intensity was performed by an investigator blinded to the
experimental groups. The image files were coded prior to
analysis using ImagelJ.

2.12 Statistical Analysis

Statistical analyses were performed using GraphPad
Prism 9.4 (GraphPad Software, San Diego, CA, USA). The
Kolmogorov-Smirnov test was used to assess distribution
normality, and Levene’s test was used to evaluate homo-
geneity of variance. All data satisfied the assumptions of
normality and homogeneity of variance. Differences be-
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tween groups were analyzed using one-way analyses of
variance (ANOVAs) followed by Bonferroni’s post hoc test
for multiple comparisons. Data are presented as mean +
standard error of the mean (SEM). The threshold for sta-
tistical significance was set at p < 0.05. No animals were
excluded from the analysis.

3. Results

3.1 Effects of Oxygen Enrichment on Spatial Memory
Retention Deficits in Rats Induced by Acute Hypobaric
Hypoxia

The MWM procedure used in this study is presented
in Fig. 1 A. Over the 5-day acquisition phase, the time taken
to find the platform declined for rats in all three groups as
the number of training days increased, indicating that all
groups successfully acquired the spatial task. There were no
statistically significant differences in daily escape latency
among the groups (p > 0.05, Fig. 1B).

During the probe trial on day 9, rats in the HH group
crossed the platform significantly fewer times than those
in the NN group (p < 0.01). Conversely, rats in the HO
group exhibited a significantly increased frequency of plat-
form crossings compared to those in the HH group (p <
0.05; Fig. 1C). Furthermore, HH group rats entered the tar-
get quadrant significantly less frequently and spent signifi-
cantly less time in it compared to NN group rats (p < 0.001
and p < 0.01, respectively). In contrast, the HO group ex-
hibited a significantly higher frequency of target quadrant
entry and spent more time in it than the HH group (p < 0.05
for both; Fig. 1D,E). There was no significant difference
between the HO and NN groups. Representative path maps
from the probe trial are shown in Fig. 1F.

These results demonstrate that oxygen enrichment in-
tervention can ameliorate spatial memory retention deficits
induced by acute hypobaric hypoxia in rats.

3.2 Effect of Oxygen Enrichment on Morphological
Changes of Neurons in the Hippocampal CA1 Region
Under Acute Hypobaric Hypoxia

H&E staining and TUNEL immunofluorescence
double-staining approaches were used to examine the mor-
phological impact of oxygen enrichment (Fig. 2). After
3 days of acute hypobaric hypoxia exposure, the nuclei of
neurons in the CA1 region of the hippocampus in the HH
group exhibited shrinkage, together with a more chaotic
neuronal distribution and a decrease in the number of neu-
rons per unit area. In contrast, the number of neurons per
unit area in the HO group was significantly increased (p
< 0.05), and the neurons in this group were more tightly
arranged (Fig. 2A,B). Additionally, fluorescence staining
revealed a marked increase in the proportion of neuronal
apoptosis in the HH group compared to the NN group (p <
0.001), whereas the proportion of neuronal apoptosis in the
HO group was lower than that in the HH group (p < 0.05,
Fig. 2C,D). These findings suggest that oxygen enrich-
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ment can mitigate acute hypobaric hypoxia-induced neu-
ronal damage in the rat hippocampus through a reduction
in the extent of neuronal apoptosis.

3.3 Effect of Oxygen Enrichment on the Hippocampal
Redox State in Acute Hypobaric Hypoxia Model Rats

To investigate the impact of oxygen enrichment on the
hypoxia-induced redox imbalance, we conducted superox-
ide staining on rat hippocampal tissues and assessed corre-
sponding redox indicators (Fig. 3).

Superoxide fluorescence staining revealed a signifi-
cant decrease in hippocampal superoxide content in rats
from the HH group compared to the NN group (p <0.001).
Following oxygen-enrichment, however, superoxide levels
increased significantly (p < 0.01) compared with the HH
group, with no significant difference in these levels between
the NN and HO groups (Fig. 3A,B).

To rigorously characterize this altered redox land-
scape, we measured the ratios of major cellular redox
couples. The HH group exhibited significantly elevated
GSH/GSSG, NADPH/NADP+, and NADH/NAD+ ratios
compared to the NN group (p < 0.01; p < 0.05; p <
0.05, respectively), indicating a profound shift toward a
highly reduced intracellular state. Oxygen enrichment in-
tervention significantly reversed these changes, bringing
the GSH/GSSG and NADPH/NADP+ ratios back toward
the levels observed in control rats from the NN group (p <
0.001; p <0.01) (Fig. 3C-E).

Analyses of antioxidant enzymes further revealed sig-
nificant increases in CAT (p < 0.01), GPX (p < 0.01), and
SOD (p <0.05) levels in the HH group compared to the NN
group. Oxygen enrichment significantly mitigated these in-
creases (CAT, p <0.0001; GPX, p <0.01; SOD, p <0.01),
restoring enzyme expression to levels comparable to those
in the NN group (Fig. 3F-H).

Collectively, this convergence of decreased super-
oxide levels, the accumulation of reducing equivalents
(NADH/NADPH), and antioxidant enzyme overactivation
strongly suggests that acute hypobaric hypoxia induces a
state of reductive stress. Oxygen enrichment effectively al-
leviates this redox dysregulation, thereby helping to restore
physiological redox homeostasis.

3.4 Transcriptomic Sequencing Analysis of Rat
Hippocampal Tissue

RNA-Seq was next used to analyze samples from the
NN, HH, and HO groups to identify potential molecular tar-
gets associated with the ability of oxygen enrichment to pro-
tect against hypoxia-induced cognitive impairment. Prin-
cipal component analysis (PCA) was performed to assess
repeatability between samples. The scattered points corre-
sponding to the NN, HH, and HO samples exhibited mu-
tual aggregation within each group and clear differentiation
among groups, indicating relatively good intra-group re-
peatability and high similarity among the sample data (Fig.
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Fig. 1. Effects of oxygen enrichment on spatial memory retention in the Morris water maze test. (A) Schematic timeline of

the Morris water maze experiment. (B) Escape latency values for rats in the three study groups during the acquisition phase. (C-E)

Quantification of the number of platform crossings, the frequency of target quadrant entry, and the duration spent in the target quadrant

during the probe trial. (F) Representative swimming paths during the probe trial. All data are presented as mean + S.E.M. (n = 6, *p
< 0.05, **p < 0.01, ***p < 0.001, ns, no statistically significant difference (p = 0.05)). NN, Normal Control group; HH, Hypobaric

Hypoxia group; HO, Hypobaric Oxygen-enrichment group.

4A). A total of 412 up-regulated and 212 down-regulated
genes were identified in the HH group compared with the
NN group (Fig. 4B), while 138 up-regulated and 172 down-
regulated genes were identified in the HO group compared
with the HH group (Fig. 4C). In total, 99 overlapping DEGs
were identified for the NN vs. HH and HH vs. HO group
comparisons (Fig. 4D). Trend analysis of these 99 DEGs
revealed that Profile 5 was significant (Fig. 4E). As shown
in Fig. 4F, 40 DEGs from Profile 5 were annotated us-
ing a Gene Ontology (GO) enrichment analysis approach
and categorized into three main modules. In the biological
processes module, these DEGs were primarily associated

with cellular adhesion, biological regulation, metabolic re-
actions, signal transduction, and immune system responses.
In the molecular function module, these DEGs were pre-
dominantly associated withcatalytic activity, regulation of
molecular functions, and adenosine triphosphate (ATP)-
related activity. With respect to the cellular component
module, these DEGs were mainly associated with cellu-
lar anatomical entities and protein complexes. The Ky-
oto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis was additionally conducted on 40
DEGs identified in Profile 5. Among the analyzed path-
ways, glycerophospholipid metabolism exhibited the most
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Fig. 2. Morphological assessment of the effects of oxygen enrichment on hippocampal neurons. (A) Representative map of the
hippocampal cornu ammonis 1 (CA1) region in rats. (B) Quantification of the number of normal neurons per unit area in the CA1 region
of the hippocampus for rats in the indicated groups. (C) Representative terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining of hippocampal CA1 samples from rats in the indicated groups. (D) Statistical analysis of TUNEL-positive apoptosis-
like neurons in the CA1 region of the hippocampus in rats from the indicated groups. Scale bar = 50 um. All data are presented as mean
+S.EM. (n=3, *p <0.05, **p < 0.01, ***p < 0.001, ****p <0.0001).

significant enrichment (Fig. 4G). RT-qPCR validation of
four representative DEGs (Etnppl, Pla2g3, Gpdl, and Pn-
pla7) revealed expression trends consistent with the RNA-
Seq data, confirming the reliability of the sequencing re-
sults (Fig. 4H-K). Based on these results and prior research,
glycerophospholipid metabolism may be closely associated
with the molecular mechanisms by which oxygen enrich-
ment alleviates hypobaric hypoxia-induced spatial learning
and memory impairments.

&% IMR Press

3.5 Effects of Oxygen Enrichment on Hippocampal
Glycerophospholipid Metabolism and Autophagy in Acute
Hypobaric Hypoxia Model Rats

To investigate the effect of oxygen enrichment on
glycerophospholipid metabolic dysregulation in response to
acute hypobaric hypoxia, we quantified three phospholipid
metabolites in the rat hippocampus via ELISA. Compared
to the NN group, the PS, PE, and PC levels in the HH group
were significantly reduced (p < 0.05, p < 0.05, p <0.01).
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Fig. 3. Evaluation of the effect of oxygen enrichment on reductive stress. (A) Representative superoxide staining of the hippocampal
CAL region for rats in the indicated groups. Scale bar = 50 um. (B) Quantitative analysis of superoxide fluorescence staining in the hip-
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groups. (F-H) Quantitative analysis of SOD, CAT, and GPX levels in the indicated groups. All data are presented as mean + S.E.M.
(n=6, *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no statistically significant difference (»p = 0.05)). SOD, Superoxide
dismutase; CAT, catalase; GPX, glutathione peroxidase; GSH/GSSG, glutathione/oxidized glutathione; NADH/NAD+, reduced nicoti-
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Fig. 4. Transcriptomic sequencing analyses of rat hippocampal tissue. (A) Principal component analysis of reproducibility among
samples. (B) Differentially expressed genes (DEGs) identified when comparing the NN and HH groups. (C) DEGs identified when
comparing the HH and HO groups. (D) Venn diagram of DEGs identified between the NN and HH groups and between the HH and HO
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Following oxygen enrichment, these levels of PS, PE, and
PC were notably increased (p < 0.01; Fig. 5SA-C).

To explore the potential link between autophagy and
redox regulation, we assessed autophagy levels by detect-
ing the expression of LC3B II/T and P62. Additionally, we
evaluated the nuclear translocation of Nrf2, a key regula-
tor of antioxidant responses, by measuring its expression
in both the cytoplasm and nucleus. TEM was additionally
used to observe autophagosomes and mitochondria.

TEM analysis indicated that mitochondria in the HH
group harbored swollen and fractured cristae, contrast-
ing with the intact structures observed in the NN group
(Fig. 5D). Mitochondrial damage scores were signifi-
cantly higher in the HH group (Fig. 5F, p < 0.05). Oxy-
gen enrichment alleviated cristae swelling and fracturing,
with damage scores showing a downward trend, albeit one
that did not achieve statistical significance (Fig. 5F, p >
0.05). When evaluating autophagy, the HH group displayed
markedly reduced autophagosome formation, consisting
mostly of mature structures lacking early-stage forms or
fusion intermediates. Autophagosome density was signif-
icantly reduced compared to the NN group (Fig. 5E, p <
0.05). Oxygen enrichment restored autophagosome forma-
tion in treated rats, with numerous early-stage and fusion
structures observed, corresponding to a notable albeit non-
significant increase in autophagosome numbers (Fig. 5E, p
> 0.05).

Western blotting showed (Fig. 5I) that acute hy-
pobaric hypoxia exposure led to decreased expression of
LC3B II/T (p < 0.05, Fig. 5G) and increased P62 expres-
sion (p < 0.05, Fig. 5H). Conversely, oxygen-enriched in-
tervention increased LC3B II/I expression (p < 0.05, Fig.
5G) and decreased P62 expression (p < 0.05, Fig. SH). Hy-
pobaric hypoxia also resulted in elevated Nrf2 expression in
the nucleus (p <0.01, Fig. 5K), whereas oxygen enrichment
reversed this nuclear Nrf2 expression (p < 0.05, Fig. 5K).
Cytoplasmic Nrf2 levels did not differ significantly among
the NN, HH, and HO groups (Fig. 5J).

These results indicate that hypobaric hypoxia leads
to the dysregulation of glycerophospholipid metabolism in
the rat hippocampus, accompanied by significant nuclear
Nrf2 translocation. Oxygen enrichment can reverse these
metabolic abnormalities, reestablish the dynamic phospho-
lipid metabolism balance within the brain, modulate the
Nrf2-mediated adaptive response, stabilize redox home-
ostasis, and improve spatial memory retention impairment
in rats exposed to hypobaric hypoxia.

4. Discussion

In our previous work, we established a hypobaric oxy-
gen enrichment system and observed its potential efficacy
as ameans of ameliorating spatial memory retention deficits
in rats under hypobaric hypoxia conditions [30]. Build-
ing on these results, in the present study we investigated
whether these cognitive benefits are linked to the restoration
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of redox homeostasis. Using a hypobaric hypoxia chamber,
we successfully established a model of spatial memory im-
pairment, as evidenced by worsened MWM performance.
Crucially, biochemical assessments revealed that this im-
pairment was associated with the pronounced onset of re-
ductive stress, characterized by the overactivation of the
antioxidant system (elevated SOD, CAT, GPX) and the ac-
cumulation of reducing equivalents (elevated GSH/GSSG,
NADPH/NADP+, and NADH/NAD+ ratios). While fluo-
rescence staining revealed a concomitant decrease in super-
oxide levels, this likely reflects the scavenging activity of
the upregulated antioxidant enzymes rather than a lack of
redox perturbation. Furthermore, transcriptomic sequenc-
ing identified glycerophospholipid metabolism as a key
pathway potentially responsive to oxygen enrichment. Col-
lectively, our data suggest that the crosstalk between glyc-
erophospholipid metabolism and autophagy-related mark-
ers may be involved in the adaptive response to reductive
stress, potentially contributing to the alleviation of spatial
memory deficits in this hypobaric hypoxia model.

Redox homeostasis relies on preserving a delicate bal-
ance between oxidant levels and antioxidant activity. While
oxidative stress is commonly associated with hypoxia [31],
excessive activation of the antioxidant system can con-
versely drive the cellular environment toward a hyper-
reduced state, a phenomenon known as reductive stress
[32,33]. Under hypoxic conditions, mitochondrial dysfunc-
tion often leads to the accumulation of reducing equiva-
lents [34]. Consistent with this, our study observed signifi-
cantly elevated hippocampal GSH/GSSG, NADH/NAD+,
and NADPH/NADP+ ratios in rats exposed to acute hy-
pobaric hypoxia. Crucially, this accumulation of reducing
equivalents was accompanied by the marked upregulation
of antioxidant enzymes, including SOD, CAT, and GPX.
This biochemical profile provides a mechanistic explana-
tion for our DHE staining results, as the significant decrease
in superoxide levels may be associated with the high lev-
els of scavenging activity attributable to the overexpressed
SOD, rather than a simple reduction in metabolic activ-
ity. This state of reductive stress, characterized by depleted
superoxide availability and excessive reducing power, can
impair neurogenesis and disrupt redox-sensitive signaling
pathways essential for synaptic plasticity [35]. Conse-
quently, the spatial memory deficits observed in the MWM
test may not be the sole result of oxidative damage, but
could potentially be associated with this maladaptive reduc-
tive shift that hinders appropriate superoxide-mediated sig-
nal transduction. Notably, oxygen enrichment intervention
reversed these alterations, normalizing these hippocampal
redox ratios and antioxidant enzyme levels while restoring
superoxide levels to within the normal physiological range.
These findings suggest that oxygen enrichment alleviates
memory impairment by rescuing the hippocampus from re-
ductive stress and restoring redox homeostasis.
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Fig. 5. Effects of oxygen enrichment on hippocampal glycerophospholipid metabolism and autophagy-related markers. (A—-C)
Content of phospholipid metabolites (PS, PE, PC) in rat hippocampal samples (n = 6). (D) Representative transmission electron mi-
croscopy images of mitochondria and autophagosomes in the hippocampal CA1 region. Red arrows indicate autophagosomes, while
yellow arrows indicate mitochondria. Scale bar = 2 um. (E) Quantification of autophagosome density (number/100 pm?) in the rat
hippocampal CA1 region. (F) Mitochondrial morphology scores (0-2) based on ultrastructural integrity, where 0 indicates intact cristae,
and 2 indicates severe swelling and disruption. (G,H) Relative LC3B and P62 protein levels. (I) Representative western blotting im-
ages of autophagy-related proteins (LC3B and P62) and nuclear/cytoplasmic nuclear factor erythroid 2-related factor 2 (Nrf2) in the
rat hippocampus. (J,K) Relative expression of Nrf2 in the cytoplasm and the nucleus. All data are presented as mean + S.E.M. (n =
3, *p < 0.05, **p < 0.01, ns, no statistically significant difference (p > 0.05)). PC, phosphatidylcholine; PS, phosphatidylserine; PE,
phosphatidylethanolamine.
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To further elucidate the downstream effectors linking
redox homeostasis to neuronal function, we performed tran-
scriptomic sequencing, which identified glycerophospho-
lipid metabolism as being significantly altered following
oxygen enrichment. We propose that the observed reduc-
tive stress induced by acute hypobaric hypoxia may be in-
volved in this metabolic dysregulation. Mechanistically,
an excess of reducing equivalents has been shown to in-
hibit the activity of lysophosphatidic acid acyltransferase
(LPAAT), a key enzyme responsible for phospholipid re-
modeling [36]. Concurrently, hypoxia-induced depletion
of ATP and phosphocreatine limits the cytidine diphosphate
(CDP)-choline pathway and acyl-CoA supply, while the
downregulation of transcription factors such as peroxisome
proliferator-activated receptor alpha (PPARa) and carnitine
palmitoyltransferase 1 (CPT1) further diminishes the gen-
eration of phospholipid precursors [37,38].

This metabolic blockade results in significant distur-
bances in the synthesis of PS, PE, and PC, which are cru-
cial for the preservation of neuronal membrane integrity and
fluidity [39,40,41]. The impaired synthesis of these phos-
pholipids likely contributes to increased membrane rigidity
and the disruption of ion channel function, precipitating in-
tracellular Ca?" overload and activating apoptotic signaling
pathways, particularly in the hippocampal CA1 region [42].
Consequently, the spatial memory deficits observed in our
study may be associated with this redox-metabolic uncou-
pling. Notably, oxygen enrichment intervention reversed
these metabolic disturbances and restored redox balance.
These findings suggest that oxygen enrichment may alle-
viate memory impairment, potentially via normalizing the
redox state and alleviating the reductive inhibition of lipid
metabolism, ultimately contributing to the preservation of
neuronal membrane homeostasis and function.

A critical question arising from these findings is how
oxygen enrichment restores redox balance without induc-
ing detrimental oxidative stress. We speculate that under
conditions of hypoxia-induced reductive stress, functional
stalling of the mitochondrial electron transport chain oc-
curs due to the lack of terminal electron acceptors, leading
to the pathological accumulation of reducing equivalents
[43,44,45]. Rather than simply contributing to oxidative
load, oxygen enrichment relieves this metabolic blockade.
By providing adequate oxygen, the electron transport chain
resumes normal flux, consuming the excess reducing equiv-
alents and restoring mitochondrial bioenergetics [46]. The
normalization of tissue oxygen tension likely further down-
regulates the compensatory overexpression of antioxidant
enzymes (such as SOD) triggered by hypoxia [47]. Con-
sequently, the observed increase in superoxide levels fol-
lowing oxygen intervention is consistent with a restoration
of physiological redox signaling, rather than a shift toward
pathological oxidative damage. This precise recalibration
may be linked to the recovery of redox-sensitive processes,
which are essential for the retention of spatial memory.
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Exposure to hypoxia triggers a burst of mitochondrial
ROS production, particularly from Complex III, thereby
stabilizing hypoxia-inducible factor 1-alpha (HIF-1a) and
activating adaptive pathways [44]. However, we propose
that cellular redox status is not static but rather something
that evolves dynamically based on the duration and severity
of hypoxic insult. While early or mild hypoxia may elicit
oxidative stress, our model of acute hypobaric hypoxia
likely represents a more advanced stage of exposure charac-
terized by severe metabolic constraints and electron trans-
port chain congestion. In this state, the pathological accu-
mulation of reducing equivalents, coupled with a compen-
satory overactivation of antioxidant defenses (evidenced by
elevated SOD and GSH/GSSG ratios), shifts the redox bal-
ance toward a reductive state. This concept of reductive
stress as a distinct pathological entity has gained traction
in recent studies of metabolic disorders, where excessive
reducing power disrupts cellular homeostasis [48]. Rather
than contradicting the classical hypoxic ROS paradigm, our
findings instead highlight a stage-specific transition from
oxidative signaling to reductive metabolic failure that takes
place within the hypoxic hippocampus.

Phospholipids are integral to autophagic membrane
formation and expansion, with continuous lipid recruitment
being essential to this dynamic process [49]. The inter-
conversion of these lipids is tightly regulated, with PS be-
ing synthesized in the endoplasmic reticulum, whereas PS
is synthesized from PC or PE under the activity of serine
exchange enzymes. PS then undergoes transport to mi-
tochondria, where it is decarboxylated to regenerate PE.
This mitochondrial PE is critical for autophagy, as it serves
as the conjugation partner for LC3B-I to form LC3B-II,
a key marker of autophagosome formation. Furthermore,
P62 acts as an adaptor, linking LC3B to ubiquitinated sub-
strates for lysosomal degradation [50]. Notably, alterations
in membrane lipid composition, such as the loss of phos-
pholipid asymmetry induced by exogenous PE, have been
shown to trigger apoptosis and autophagy in cultured cells
[51]. In line with these mechanisms, oxygen enrichment in
the present study reversed the hypobaric hypoxia-induced
reduction in autophagosome numbers and the associated
downregulation of autophagy-related proteins. These find-
ings suggest that acute hypobaric hypoxia is associated with
the suppression of hippocampal autophagosome formation
and impaired autophagy-related marker expression, poten-
tially as a consequence of metabolic constraints.

The suppression of autophagic activity observed in
this study appears to contradict the findings of Yan Xue et
al. [52], who reported that inhibiting autophagy and thereby
preventing Claudin-5 degradation attenuated HACE and
preserved blood-brain barrier integrity under hypobaric hy-
poxia. We attribute this apparent discrepancy primarily
to the distinct cellular targets and metabolic requirements
involved. While Yan Xue et al. [52] focused on cere-
bral microvascular endothelial cells, our study centers on
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hippocampal neurons, which are exceptionally dependent
on access to an adequate energy supply [53] and suffi-
cient membrane lipids [54]. We postulate that, under the
specific hypobaric hypoxia conditions employed in our
study, the resulting energy crisis and impaired phospholipid
metabolism create a restrictive environment that suppresses
the autophagic pathway in neurons. Unlike the detrimen-
tal hyper-autophagy observed in endothelial cells, the sup-
pression of basal autophagy in neurons compromises cellu-
lar homeostasis. This neuronal dysfunction therefore likely
contributes to secondary BBB disruption, suggesting that
cell-type-specific autophagic responses play complemen-
tary roles in the pathology of HACE.

Our study demonstrates that oxygen enrichment inter-
vention (28.0% O, at simulated 7000 m altitude) effectively
restored the hippocampal levels of the three major phos-
pholipids (PS, PE, and PC). These lipidomic changes co-
incided with the restoration of autophagosome formation
and an elevated LC3B-1I/LC3B-I ratio, despite the numeri-
cal increase in autophagosomes not reaching statistical sig-
nificance. Given that phospholipids serve as the structural
building blocks for the autophagic isolation membrane, and
the covalent conjugation of PE to LC3B-I is a prerequi-
site for LC3B-II generation [55], these findings point to a
metabolic mechanism underlying the therapeutic effect of
oxygen. We speculate that oxygen enrichment gives rise
to elevated tissue oxygen tension, thereby facilitating the
recovery of mitochondrial oxidative phosphorylation and
ATP production. This restoration of energy availability
reactivates the CDP-choline pathway and PE-synthesizing
enzymes, ensuring that sufficient PE substrates are avail-
able for LC3B-I lipidation and autophagosome biogenesis.
However, we acknowledge that this mechanistic explana-
tion remains hypothetical. As our current assessment relies
on static markers, we cannot definitively exclude the possi-
bility that impaired autophagic degradation contributes to
the observed LC3B-II accumulation noted in this study.
Future studies utilizing lysosomal blockers are warranted
to distinguish between enhanced biogenesis and impaired
turnover to more rigorously validate associated autophagic
flux dynamics.

Autophagy is closely associated with redox home-
ostasis, functioning as both a survival mechanism and a
regulator of cellular redox status through the P62-Kelch-
like ECH-associated protein 1 (Keap1)-Nrf2 signaling axis
[56,57,58]. When autophagic activity is dysfunctional, the
adaptor protein P62 accumulates due to impaired degra-
dation. Both the Keapl-interacting region (KIR) motif of
P62 and the Neh2 domain in Nrf2 are capable of binding
to Keapl. Consequently, accumulated P62 competes with
Nrf2 for Keapl binding, leading to Nrf2 dissociation, nu-
clear translocation, and subsequent antioxidant gene acti-
vation [19]. While this pathway is adaptive, excessive ac-
tivation can be indicative of underlying proteostatic stress.
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Our results show that oxygen enrichment can significantly
attenuate the hypoxia-induced accumulation of P62. Cor-
respondingly, while nuclear Nrf2 expression was markedly
upregulated under hypobaric hypoxia, it returned to base-
line levels following oxygen intervention. This suggests
that the excessive Nrf2 activation observed under hypoxic
conditions may be attributable to P62 accumulation in the
context of impaired autophagy. Oxygen enrichment ap-
pears to mitigate this compensatory hyperactivation, which
is potentially associated with the restoration of autophagic
competence and a reduction in P62 burden, ultimately con-
tributing to the re-establishment of redox homeostasis. We
recognize, however, that these conclusions are currently
based on observational correlations. Future investigations
employing genetic or pharmacological manipulations of the
P62-Keap1-Nrf2 axis will be essential to causally validate
this pathway and further elucidate the crosstalk between
lipid metabolism, autophagy, and oxidative stress in the
context of HACE.

5. Limitations

While this study offers several notable findings, there
are important limitations to these analyses that should be
acknowledged. First, this study did not include a control
group exposed to normoxia and oxygen enrichment. This
omission was due to our specific focus on evaluating the ef-
ficacy of oxygen enrichment as an intervention for hypoxia-
induced impairments, prioritizing the comparison between
untreated hypoxia and treated hypoxia as a means of di-
rectly addressing our central research question. Second, the
sample size in our behavioral experiments (n = 6) was rela-
tively modest. While our analyses were nonetheless signifi-
cant, future studies with larger sample sizes and prospective
power calculations are warranted to further validate the ro-
bustness of these findings. Third, our current evidence re-
flects significant associations rather than definitive causal-
ity. It remains unclear whether the protective effects of oxy-
gen enrichment on the hippocampus and its associated reg-
ulation of metabolism and autophagy are strictly dependent
on reductive stress. Future investigations employing ge-
netic or pharmacological manipulations will be essential to
directly test these causal relationships and to develop a more
comprehensive mechanistic understanding thereof. Finally,
although DHE staining is commonly employed to estimate
superoxide levels, it lacks absolute specificity. Therefore,
our DHE-based results should be interpreted in conjunction
with independent biochemical markers, such as the SOD
and GSH/GSSG ratio, to more comprehensively evaluate
cellular redox status.

6. Conclusions

In conclusion, our results demonstrate that oxygen en-
richment helps restore redox homeostasis and modulates the
adaptive antioxidant response, thereby improving spatial
memory impairments caused by acute hypobaric hypoxia.

13


https://www.imrpress.com

These neuroprotective effects may be associated with the
interplay between glycerophospholipid metabolism and au-

tophagy.
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