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This study established human cerebral organoids as a promising platform for investigating central ner-
vous system oxygen toxicity (CNS-OT). Through integrated transcriptomic, functional, and pharmacolog-
ical analyses, we demonstrate that hyperbaric oxygen (HBO) exposure triggers pressure-dependent 
neurotoxicity mediated by the reactive oxygen species (ROS)–lysosome–mechanistic target of rapamycin 
(mTOR) axis. Key findings include the following: mechanistic hierarchy: Five atmospheres absolute (ATA) 
HBO induces metabolic dysregulation and cell cycle arrest, whereas six ATA exceeds compensatory 
thresholds, triggering overt apoptotic signatures; pathway crosstalk: Lysosomal permeabilization acti-
vates mTOR complex 1 (mTORC1) via cathepsin release, while mTORC1 hyperactivation suppresses tran-
scription factor EB (TFEB)-mediated lysosomal regeneration, creating a self-amplifying loop; therapeutic 
potential: Mouse validation confirmed that mTOR inhibition (temsirolimus) attenuates neurotoxicity,
with hippocampus-specific efficacy. The cerebral organoid model offers a human-relevant system to
overcome species limitations in neurotoxicity research, facilitating mechanistic discovery and therapeu-
tic target identification.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. Thi s is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n 

Hyperbaric oxygen therapy (HBOT) involves breathing pure or 
highly concentrated oxygen under elevated pressure. Clinically, 
HBOT enhances oxygen diffusion into tissues, thereby mitigating 
hypoxia and aiding in wound repair [1,2]. However, experimental 
protocols and off-label applications—including military/industrial 
diving, cosmetic antiaging, and athletic recovery—carry heightened 
risks of oxygen toxicity [2]. 

Central nervous system oxygen toxicity (CNS-OT), characterized 
by convulsio ns, may occur when the inhaled oxygen partial
pressure exceeds 200 kPa (∼2 atmospheres absolute (ATA)) [3,4]. 
Risks escalate in diving medicine and decompression therapy, 
where exposures can reach 5–6 ATA (note: the pressure values of 
5–6 ATA refer to oxygen partial pressure, not ambient air pressure). 
The mechanisms underlying CNS-OT remain elusive, although pro-
posed hypotheses involve neurotransmitter dysregulation [5], 
oxidative stress [6,7], and aberrant adenosine metabolism [8]. A 
lack of systematic molecular investigations has hindered the devel-
opment of targeted clinical interventions, severely limiting the 
utility of HBOT in critical care and extreme-environment medicine
[9]. 

HBOT has similar clinical indications in both pediatric and adult 
populations, with children often exhibiting faster and more pro-
nounced therapeutic responses. However, the unique developmen-
tal processes in children render HBOT research particularly
distinctive in this population [10]. Progress in this field has been
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constrained by model limitations [11]. Ethical considerations and 
safety protections preclude direct toxicological studies on develop-
ing human brains. While numerous animal models have been 
employed in research, the existing evidence remains insufficient 
to establish their physiological relevance to humans [12]. Marked 
interspecies differences result in divergent differentiation trajecto-
ries and mechanisms compared with those in humans. On the 
other hand, while animal models enable the evaluation of overall 
survival rates post-HBO exposure, quantitative analysis of seizure 
activity, and observation of neuropathological alterations via histo-
logical sections alongside cerebral hemodynamic measurements, 
precise attribution of these responses to specific cell types—such 
as neurons, astrocytes, or vascular cells—requires targeted cellular
labeling and often necessitates supplementary validation through
in vitro culture systems [13,14]. Conventional two-dimensional cell 
cultures also fail to accurately predict in vivo responses because of 
their lack of physiological microenvironments and complex cell
cell interactions [15,16]. 

Cerebral organoids have emerged as powerful models that 
faithfully recapitulate fetal brain development in terms of morpho-
genesis, genetic signatures, and gene expression profiles [17]. 
These three-dimensional constructs have been successfully imple-
mented in mechanistic investigatio ns of neurodevelopmental dis-
orders (e.g., microcephaly [18]), neurodegenerative diseases 
[19,20], and heavy metal neurotoxicity [21]. However, their appli-
cation in HBO-induced CNS-OT research has not yet been system-
atically explored.

Hence, in this study, human embryonic stem cell-derived cere-
bral organoids were used to establish an in vitro model of HBO-
induced CNS-OT. Through transcriptome sequencing analysis, we 
systematically characterized oxygen toxicity-associated gene 
expression changes and identified potential key regulatory path-
ways using bioinformatics approaches (Fig. 1). Furthermore, we 
validated the molecular mechanisms in murine in vivo models 
and evaluated the neuroprotective efficacy of targeted pharmaco-
logical interventions. This cerebral organoid-based methodology 
provides unprecedented opportunities for investigating human-
specific neurotoxic responses while overcoming the limitations of 
conventional model systems. Our findings advance the mechanistic 
understanding of CNS-OT pathogenesis and facilitate the develop-
ment of targeted neuroprotective strategies.
2. Materials and methods 

2.1. Human embryonic stem cells (hESCs) culture

ESCs (H9, provided by Stem Cell Bank, Chinese Academy of 
Sciences, China) were cultured in mTeSR TM Plus (Stemcell Technolo-
gies, Canada) on Matrigel-coated six-well plates and passaged
every 5–6 d.

2.2. Cerebral organoid culture 

2.2.1. Embryoid body (EB) formation 
When cell confluence reached 80%, 1 mL of gentle cell dissocia-

tion reagent (1000485; Stemcell Technologies) was added and 
incubated at 37 °C for 8 10 min. The reaction was then terminated 
by adding 1 mL of mTeSRTM Plus medium (1000274; Stemcell Tech-
nologies), and the cells were collected. After centrifugation at 300g 
for 5 min, the supernatant was discarded, and the cell pellet was 
resuspended in 1 mL of EB formation medium supplemented with 
10 lmol∙L–1 Y-27632 (72304; Stemcell Technologies). The cells 
were gently pipetted to generate a single-cell suspension. A vol-
ume of 100 lL of cell suspension (9000 cells per well) was seeded
into each well of a 96-well round-bottom ultra-low attachment
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plate (7007; Corning, USA). The plate was kept undisturbed for 
24 h to allow EB formation. On days 2 and 4, 100 lL of EB forma-
tion medium was added to each well.

2.2.2. Induction of differentiation 
On day 5, EBs with smooth and intact edges were carefully 

transferred using a wide-bore 200 lL pipette tip into induction 
medium (08570; Stemcell Technologies). Prior to the procedure, 
9–12 embedding surfaces were prepared using parafilm and tip-
rack holes, sterilized with ethanol, and exposed to ultraviolet 
(UV) light for aseptic processing. After 48 h, when the structures 
exhibited a radial translucent morphology, they were transferred 
onto the pre-formed embedding surfaces. Then, 15 lL of Matrigel 
solution was added dropwise to each structure and incubated at 
37 °C for 30 min to allow solidification. Finally, the embedded 
structures were transferred into expansion medium (08570; Stem-
cell Technologies) for further culture. On day 10, the medium was
replaced with mature medium (08571; Stemcell Technologies) and
transferred to a shaker for incubation. The medium was replaced
with fresh medium every three days.
2.3. Reverse transcription quantitative real-time polymeras e chain 
reaction (RT-qPCR)

Total messenger RNA (mRNA) was extracted from organoids or 
ESC using Trizol reagent (Sango Biotech, China). Complementary 
DNA (cDNA) was synthesized from 500 ng of RNA using Prime-
ScriptTM RT master mix (TAKARA, Japan). PCR amplification was per-
formed with PrimeSTAR max premix (2×) (TAKARA). PCR 
condition : 2 min at 98 °C, then 30 cycles of 10 s at 98 °C, 15 s at 
58 °C, and 30 s at 72 °C, and finally 5 min at 72 °C. Primer pairs
are listed in Table S1 in Appendix A. 
2.4. Immunofluo rescence 

Organoids were fixed in 4% paraformaldehyde at room temper-
ature overnight. Phosphate-buffered saline (PBS) washed three 
times for 5 min each time. Dehydration in 30% sucrose, followed 
by optimal cutting temperature compound embedding and 
cryosection at 10 lm. PBS washed three times for 5 min each time.
The cells were blocked with bovine serum albumin (BSA) for
30 min.

Added the first antibody and incubated at 4 °C overnight and 
PBS washed three times for 5 min each time. First antibodies used: 
SRY-box transcription factor 2 (SOX2; mouse, 1:200; GB14149; 
Servicebio, China), paired box 6 (PAX6; rabbit, 1:300; ab5790; 
Abcam, USA), neuron-specific class III b-tubulin (TUJ1; mouse, 
1:500; GB15139; Servicebio), SOX2 (rabbit, 1:500; GB11249; Ser-
vicebio), NK2 homeobox 1 (NKX2.1; mouse, 1:200; GB14157; Ser-
vicebio), forkhead box protein G1 (FOXG1; mouse, 1:200; 
GB114738; Servicebio), calretinin (rabbit, 1:300; GB112134; Ser-
vicebio), glial fibrillary acidic protein (GFAP; mouse, 1:1000;
GB12100; Servicebio), gamma-aminobutyric acid (GABA; rabbit,
1:50; ab259971; Abcam), vesicular glutamate transporter 1
(VGLUT1; rabbit, 1:500; GB11821; Servicebio).

Added secondary antibody and incubated for 50 min at room 
temperature away from light and PBS washed three times for 
5 min each time. Alexa Fluor® 488 goat anti-rabbit Immunoglobu-
lin G (IgG; 1:400; GB25303; Servicebio), Cy3 goat anti-mouse IgG 
(1:300; GB21301; Servicebio), Alexa Fluor® 488 goat anti-mouse
IgG (1:400; GB25301; Servicebio), Cy3 goat anti-rabbit IgG
(1:300; GB21303; Servicebio).

Added 4′,6-diamidino-2-phenylindole (DAPI; G1012; Service-
bio) to re-stain the cell nuclei and incubated for 10 min at room 
temperature away from light. PBS washed three times for 5 min

move_f0005


X. Ma, Y. Bai, J. He et al. Engineering xxx (xxxx) xxx

Fig. 1. Experimental design of the study of oxygen toxicity in cerebral organoids. (a) Schematic of the human cerebral organoid culture protocol. (b) Establishment and 
analytical pipeline of the HBO-induced CNS-OT model. ESC: embryonic stem cell; EB: embryoid body; RNA-seq: RNA sequencing.
each time. The slides were sealed with an anti-fluorescence 
quenching sealer.

2.5. HBO treatment 

Cerebral organoids continuously exposed to five or six ATA and 
95% oxygen for 60 or 120 min to establish a model of HBO toxicity. 
The specific treatment conditions were as follows: G1: five ATA for 
60 min, G2: five ATA for 120 min, G3: six ATA for 60 min, and G4: 
six ATA for 120 min. The control group was the condition of normal
organoid culture.

2.6. Bulk RNA sequencing (RNA-seq) and bioinformatics analysis

Each group had three replicates. Eukaryotic mRNA sequencing 
is based on Illumina Novaseq 6000 sequencing platform (Illumina, 
USA). For sequencing experiments, Illumina TruseqTM RNA sam-
ple prep Kit method was used for library construction. Total 
RNA was extracted, and the concentration and purity of the 
extracted RNA were detected by Nanodrop2000 (Thermo Fisher 
Scientific, USA). RNA integrity was determined by agarose gel 
electrophoresis, and RNA integrity number values were deter-
mined by Agilent2100 (USA). Single library construction require-
ment: total RNA ≥ 1 ug, concentration ≥ 35 ng∙lL− 1 , the ratio 
of absorbances at 260 nm and 280 nm (OD260/280 ≥ 1.8; a mea-
sure of protein contamination), the ratio of absorbances at 
260 nm and 230 nm (OD260/230 ≥ 1.0; a measure of contamination 
by salts, ethylened iaminetetraacetic acid (EDTA), or organic com-
pounds). Using magnetic beads with oligo deoxythymidine (Oligo
(dT)) for A–T base pairing with ploy A, mRNA could be isolated
from total RNA for analysis of transcriptome information. By add-
3

ing fragmentation buffer, mRNA could be randomly broken and 
small fragments of about 300 bp could be isolated by magnetic 
bead screening. Under the action of reverse transcriptase, six-
base random hexamers were added to reverse the synthesis of 
single-stranded RNA using mRNA as a template, followed by 
second-strand synthesis to form a stable double-stranded struc-
ture. The double-stranded cDNA was structured with sticky ends, 
which were made flat by adding end repair mix, followed by the 
addition of an ‘‘A” base at the 3′ end, which was used to join the
Y-junction. Sequencing on the Illumina platform (PE libraries with
a read length of 2 × 150 bp).

Transcriptomic data analysis included quality control, genome 
annotation, quantification, differential gene expression analysis, 
and gene set enrichment. Raw sequencing data were quality-
controlled using fastp (v0.19.5) to remove reads that were too long, 
too short, contained excessive N bases, or exhibited low 3′ end 
quality. Filtered data were then evaluated with FastQC to assess 
sequencing quality based on Q30 scores, GC content distribution, 
base balance, and non-duplicate rates. Cleaned reads were aligned 
to the Homo sapiens reference genome GRCh38.p14 (NCBI) using 
STAR (v2.7.1a), and gene quantification was performed with the 
GENCODE v42 annotation file to generate a gene count matrix. Dif-
ferential expression analysis was conducted using DESeq2 
(v1.24.0) with a threshold of Benjamini–Hochberg correction 
(padj) < 0.001 and |log2(fold change (FC))| > 1 to identify signifi-
cantly differentially expressed genes between groups. Over-
representation analysis (ORA) was applied to these genes for Gene
Ontology (GO) enrichment using Blast2GO (v2.5) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis using the
KEGG pathway database (v2022.10), with a significance threshold
of padj < 0.05 for enriched terms.



X. Ma, Y. Bai, J. He et al. Engineering xxx (xxxx) xxx
2.7. Validation experimenta tion 

2.7.1. Mouse husbandry and experimentation 
All experiments used 7–8-week-old, male C57BL/6J mice 

(∼25 g). Mice were housed in isolated cages and acclimatized to 
our housing facility for one week before experiments. All studies 
with mice were approved by the Animal Care and Use Committee,
Naval Medical Center, China (ethics number: NMC-202009).

Temsirolimus powder (60 mg; HY-50910; MCE, USA) was dis-
solved in a mixture consisting of 600 lL of absolute ethanol, 
2400 lL of polyethylene glycol (PEG) 300, 300 lL of Tween-80, 
and 2700 lL of saline to achieve a final concentration of 
10 mg∙mL−1 . The resulting formulation comprised 10% absolute 
ethanol, 40% PEG 300, 5% Tween-80, and 45% saline by volume. A 
volume of 0.25 mL of the formulation was administered to each
mouse (approximately 25 g body weight), resulting in a total
dosage of 100 mg∙kg−1.

Mice were divided into four groups with 6 8 mice in each group. 
Control group: Each mouse was intraperitoneally injected with 
0.25 mL of solvent without temsirolimus; HBO group: Each mouse 
was intraperitoneally injected with 0.25 mL of solvent 1 h before 
exposure, and then continuously exposed to an environment of 
six ATA and 95% oxygen for 60 min; Temsirolimus group: Each 
mouse was intraperitoneally injected with 0.25 mL of temsirolimus 
solution; HBO + temsirolimus inte rvention group: Each mouse was 
intraperitoneally injected with 0.25 mL of temsirolimus solution 
1 h before exposure, and then continuously exposed to an environ-
ment of six ATA and 95% oxygen for 60 min. The mice in the HBO
group and HBO + temsirolimus group were exposed to hyperbaric
oxygen, while the control group and temsirolimus group were
exposed to an air environment, and all treatment times were
60 min.

2.7.2. RT-qPCR 
The expression levels of mammalian target of rapamycin 

(mTOR) pathway-related genes (serine/threonine kinase (AKT), 
AMP-activated protein kinase catalytic subunit alpha 1 (AMPKa1), 
AMP-activated protein kinase catalytic subunit alpha 2 (AMPKa2), 
tuberous sclerosis complex 1 (TSC1), tuberous sclerosis complex 
2  (TSC2), mTOR, and mTOR complex 1 (mTORC1)) were analyzed.
The procedure was the same as in Section 2.3, with primers listed 
in Table S1. 

2.7.3. Immunohistochemistry/immu nofluorescence 
After HBO treatment, the mice were anesthetized in an air anes-

thesia machine (RWD, China). After initial internal fixation by per-
fusion with 4% paraformaldehyde from the left heart, whole brain 
tissues were removed and fixed overnight in 4% paraformaldehyde. 
Dehydrated, embedded in paraffin, and sectioned. After deparaf-
finized and rehydrated, added first antibody and incubated over-
night at 4 °C. Added second antibody conjugated with 
horseradish peroxidase (HRP) at room temperature for 50 min. 
Added the tyramide signal amplification (TSA) reagent and incu-
bated for 10 min. Added DAPI for 10 min, and then observed under
a fluorescence microscope.

The 8-hydroxy-2′-deoxyguanosine (8-OHdG) immunofluores-
cence staining was the same as in Section 2.4. 

Antibodies used: c-Fos (1:1000; ab190289; Abcam), mTOR 
(1:4000; GB111839; Servicebio), 8-OHdG (1:300; HY-P81140; 
MCE), goat anti-rabbit IgG conjugated with HRP (1:500; 
GB23303; Servicebio), goat anti-mouse IgG conjugated with HRP 
(1:500; GB23301; Servicebio), CY3-tyramide (CY3-TSA; G1223; 
Servicebio), iF647-TSA (G1232; Servicebio), FITC-TSA (G1222; Ser-
vicebio), goat anti-rabbit IgG (1:400; GB25303; Servicebio).
4

2.7.4. Quantitative fluorescence analysis 
Quantitative analysis was performed using ImageJ. All images 

were acquired under identical microscope settings, uniformly con-
verted to 8-bit grayscale, and background-corrected. The c-Fos+ 

cell ratio was calculated as the integrated density of c-Fos signals
normalized to the measured area (IntDen/Area).

2.8. Statistical analysis 

SPSS 19 was used for statistical analysis. The Shapiro–Wilk test 
and Levene’s test were applied to assess normality and homogene-
ity of variances, respectively. On this basis, unpaired t-tests were 
used for pairwise comparisons between two groups; for compar-
isons among multiple groups, one-way analysis of variance 
(ANOVA) was first performed, and if statistically significant differ-
ences were observed, pairwise comparisons between groups were 
then conducted us ing the Tukey method. P < 0.05 was applied for
all statistical tests to determine statistically significant differences.

3. Results and discussion 

3.1. Modeling neural development with cerebral organoids

To investigate the effects of HBOT on the human nervous sys-
tem, we generated cerebral organoids from validated hESCs 
expressing pluripotency markers (octamer-bind ing transcription 
factor 4 (OCT4), stage-specific embryonic antigen 4 (SSEA4), T-
cell leukemia/lymphoma-related antigen 1-60 (TRA-1-60), and
SOX2; Fig. S1 in Appendix A). Following an established differentia-
tion protocol [18,22], the organoids exhibited characteristic neural 
development patterns (Figs. 2(a) and (b)).

During differentiation, we observed the expected molecular 
transitions: the expression of pluripotency markers (OCT4 and 
Nanog) decreased whereas that of neural progenitor markers 
(SOX1 and PAX6) increased, confirming successful neural induction
(Figs. 2(c) and (d)). Neural rosette structures formed by day 20
(Fig. 2(e)), and with continued culture, they produced expanded 
neuroepithelial tissues showing progressive structural complexity
(Fig. 2(e), Fig. S2 in Appendix A). 

Immunofluorescence analysis validated the spatiotemporal dis-
tribution patterns of specific cell types. On day 20, the expression 
of the neural progenitor markers SOX2 and PAX6 was robust
(Fig. 3(a)), while the neurons remained sparsely distributed. By 
day 40, the cortical plate marker T-box brain transcription factor 
1 (TBR1) and early-born neuronal marker chicken ovalbumin 
upstream promote r transcription factor-interacting protein 2 
(CTIP2) were predominantly localized to peripheral regions, with
the immature neuronal marker TUJ1 concentrated in inner zones
(Figs. 3(b) and (c)). This spatial organization recapitulates the char-
acteristic layered structure of the developing mammalian neocor-
tex, where newborn neurons generated in ventricular zones 
undergo inside-out radial migration along glial fibers [23].

Notably, TUJ1+ cell numbers increased significantly during this 
stage, with a characteristic perisomatic distribution around 
SOX2+ cells (Fig. 3(c)). These findings confirm the developmental 
sequence of neuronal production via asymmetric progenitor divi-
sion followed by radial migration. Although most neurons remain 
immature, these patterns demonstrate ongoing neurogenic
progression.

During organoid development, forebrain regions exhibited pref-
erential maturation, as evidenced by robust expression of the 
forebrain-specific marker FOXG1 (Fig. 3(d)). Regional identity 
specification was further confirmed by immunostaining for mark-
ers of the hippocampus (neuropilin 2 (NRP2)), ventral forebrain
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Fig. 2. Generation and characterization of human cerebral organoids. (a) Schematic of cerebral organoid differentiation from hESCs. (b) Bright-field images showing organoid 
morphology at successive developmental stages. (c) Gel electrophoresis analysis of pluripotency (OCT4, NANOG) and neural progenitor (SOX1, PAX6) markers. (d) Expression 
of genes (OCT4, NANOG, SOX1, and PAX6). (e) Hematoxylin and eosin (H&E)-stained sections demonstrating organoid cytoarchitecture at days 20 and 40. Scale bars: 500 lm.
(NKX2.1), and dorsal forebrain (PAX6) (Figs. 3(e) and (f)), demon-
strating the establishment of distinct brain regions identities with 
complex tissue organization and characteristic epithelial
morphologies.

Functional characterization revealed established synaptic net-
works in which excitatory (VGLUT1+ ) and inhibitory (gamma-
aminobutyr ic acid transporter 1 (GAT1)+ ) neuronal populations
were coexpressed (Fig. 3(g)). These neurons formed intricate local 
circuits within peripheral organoid regions, demonstrating electro-
physiologically competent connectivity. The neural microenviron-
ment contained GFAP+ cells intersper sed among neuronal layers
(Fig. 3(h)), comprising primarily astrocytes while potentially 
retaining radial glial or neural progenitor populations, collectively 
fulfilling essential trophic and structural support functions [24]. 

Additionally, we investigated the effects of the initial cell num-
ber on the morphology and development of cerebral organoids. 
During early development, the seeding density of EBs significantly
influenced organoid diameter (Fig. S3 in Appendix A). After ten 
days of culture, the intergroup differences gradually diminished, 
whereas the intragroup variabilit y became more pronounced.
5

Therefore, we selectively used tissues of similar size from the same 
batch for subsequent experiments. Although the initial cell number 
did not affect the final size of the mature organoids, it influenced 
the differentiation of the germ layer within the EBs. In general, 
lower numbers of cells yielding smaller EBs resulted in a greater 
degree of ectodermal commitment, whereas higher numbers of
cells producing larger EBs resulted in the generation of more active
and diverse neural tissues (Figs. S4 and S5 in Appendix A). On the 
basis of these observations, an initial seeding density of 9000 cells 
per well was selected for all further experiments.

Transcriptomic sequencing revealed that cerebral organoids 
from 20 to 70 d exhibited relatively stable transcription, with sam-
ples from the same time period clustering well (Fig. S6 in Appendix 
A). In the principal component analysis (PCA), samples within 30 d 
and those beyond 30 d were clearly separated along the first prin-
cipal component (PC1; contributing 38.8% of the variance), 
whereas 50 d samples on the PC2 axis were further distinguished 
from 60 to 70 d samples (9.4% contribution). These results suggest 
that cerebral organoids cultured for more than 30 d may display a
greater degree of maturity at the transcriptional level. Previous
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Fig. 3. Human cerebral organoids recapitulate the identities of various brain regions. (a) Neural progenitors (SOX2, red; PAX6, green). (b) Cortical plate marker (TBR1, red) 
and early-born neurons (CTIP2, green). (c) Neural progenitors (SOX2, red) and immature neurons (TUJ1, green). (d) Forebrain markers (FOXG1, red) and cortical interneurons 
(calretinin, green). (e) Ventral forebrain (NKX2.1, green) and hippocampus (NRP2, red). (f) Dorsal forebrain (PAX6, red) and ventral forebrain (NKX2.1, green). (g) GABAergic 
neurons (GABA, red) and glutamatergic neurons (VGLUT1, green). (h) Astrocytes (GFAP, green). Scale bars, 100 lm (a–f) and 500 lm (g, h).
studies have also confirmed that cerebral organoids exhibit greater 
cellular diversity beyond 33 d of development. Moreover, com-
pared with those cultured for 33–37 d, organoids at 41–65 d 
express nearly all genes found in fetal cortical cells, closely resem-
bling the transcriptio nal profile of the human brain at 16–18 weeks
of gestation [25]. 

The cerebral organoid model established in this study faithfully 
recapitulates key features of early fetal brain development, includ-
ing complete neurogenic progression, cortical lamination, func-
tional neuronal differentiation, and stable transcriptional profiles. 
Extended cultivation could further promote the generation of
6

mature neuronal populations, thereby providing a more sophisti-
cated in vitro platform for investigating human brain development.

3.2. Effects of acute HBO exposure on the transcriptome of cerebral
organoids

To systematically investigate HBO-mediated neurotoxicity, we 
established four acute exposure paradigms simulating diving/ther-
apeutic conditions (G1: five ATA for 60 min, G2: five ATA for 
120 min, G3: six ATA for 60 min, and G4: six ATA for 120 min).
Comparative transcriptomic profiling was performed against
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normoxic controls to identify genes associated with CNS oxygen 
toxicity.

All sequencing data demonstrated high-quality metrics (where 
Q20 and Q30 denote Phred quality scores of ≥ 20 and ≥ 30, respec-
tively), with > 6.01 GB of clean data, a Q30 base ratio > 93.88%, a 
Q20 base ratio > 97.73%, and an error rate < 0.0253% (Figs. S7(a)– 
(c) in Appendix A). The average GC content was 49.23%, with 48 
832 341 raw reads and 48 216 589 clean reads, yielding a clean
ratio of 98.68% (Figs. S7(d)–(f) in Appendix A). Additionally, the 
sequencing coverage distribution was uniform without significan t
bias (Fig. S8 in Appendix A). Alignment against the reference gen-
ome GRCh38 produced an average of 48 216 589 total reads, with 
96.60% total mapped reads, 93.13% uniquely mapped reads, and
3.47% multiple mapped reads (Figs. S9 and S10 in Appendix A). 
Overall, the alignment efficiency was highly satisfactory, with no 
evidence of sample contamination.

Younger organoids (< 30 d) exhibited minimal HBO sensitivity 
(Fig. S11 in Appendix A), with PCA primarily reflecting develop-
mental timelines, which is consistent with reported resistance in 
immature rodents (≤ 20 d) [26,27]. Further evidence suggests that 
this protection stems from underdeveloped neural networks rather 
than blood–brain barrier immaturity or the inability to generate
seizures [26,28,29]. With respect to cerebral organoids, those cul-
tured for 41–67 d exhibit a more comprehens ive transcriptional
profile [25]. Therefore, subsequent experiments utilized organoid 
samples cultured for 50–70 d, which corresponds to the late first 
to second trimester stages of fetal development.

Transcriptomic profiling revealed that oxygen partial pressure 
was the dominant factor influencing gene expression patterns in 
the organoids at 50–70 d, with the developmental stage contribut-
ing minimally to transcriptional variation. PCA demonstrated com-
plete segregation of the five ATA (groups G1/G2) and six ATA
(groups G3/G4) groups along PC1 (Fig. 4(a)). The robust pressure-
dependent clustering pattern persisted in pairwise comparisons 
(G1/G2 and G1/G3 groups), confirming that acute hyperbaric pres-
sure overrides developmental transcriptional programs in matur-
ing neural tissue.

Comparative analysis revealed 10 415, 10 427, 5335, and 5573 
differentially expressed genes (DEGs) in groups G1–G4, respec-
tively, relative to those in the controls. Among these, 2717 DEGs 
(12.35% of the total) were common to all four treatment groups
(Figs. 4(b) and (c)). Although the total number of genes detected 
was similar across groups, the notably lower number of DEGs in 
groups G3 and G4 may be attributed to their higher expression sta-
bility, resulting in fewer genes meeting the significance threshold
(|log2FC| ≥ 1, padj < 0.001; Fig. S12 in Appendix A). Demchenko 
et al. [30] reported that short-term or low-pressure hyperbaric 
oxygen exposure affected cerebral blood flow in mice, but when 
the oxygen partial pressure reached five ATA after 45 min of expo-
sure, cerebral blood flow returned to preexposure levels. These 
findings suggest that stronger or longer-lasting stimuli may acti-
vate intrinsic regulatory mechanisms more rapidly. Further analy-
sis is needed to clarify the specific biological implications and 
regulatory mechanisms underlying these shared and group-
specific DEGs. Similarly, cluster analysis of expression patterns
revealed two distinct profiles that were primarily segregated by
oxygen partial pressure rather than exposure duration (Fig. 4(d)). 
On the basis of these findings, subsequent analyses focused specif-
ically on pressure-dep endent effects.

3.3. HBO-induced CNS-OT mechanisms in cerebral organoids

HBO exposure induces distinct pressure-dependent responses 
in cerebral organoids, mediated through coordinated multipath-
way regulatory networks. GO and KEGG enrichment analyses of 
organoids exposed to five ATA and six ATA of HBO revealed differ-
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ential stress response patterns under varying pressure conditions. 
Specifically, five ATA exposure predominantly disrupted neuro-
transmitter transport and elicited early stress responses, character-
ized by significant activation of glutamatergic synapse pathways, 
synaptic vesicle cycling, and p53 signaling (Figs. 5(a) and (b)). 
These findings were corroborated by RT-qPCR, which revealed 
marked upregulation of key genes (glutamate-ammonia ligase 
(GLUL), glutamate ionotropic receptor alpha-amino-3-hydroxy-5-
methyl-4-isooxazole-propionic acid type subunit 3 (GRIA3), and 
metabotropic glutamate receptor 3 (GRM3)) (Fig. 5(c)).

These alterations may be closely associated with oxidative 
stress-mediated lysosomal dysfunction, in which reactive oxygen 
species (ROS) induce lipid peroxidation of the lysosomal mem-
brane, subsequently compromising its stability and disrupting
lysosomal membrane permeabilization [31]. Lysosomal destabi-
lization not only disrupts the acidic lumen and hydrolase activity 
but, more critically, interferes with the signaling platform on the 
lysosomal surface, thereby affecting the activity of the mTORC1 
pathway. Studies have demonstrated that the lysosome serves as 
the central site for mTORC1 activation, and that its functional sta-
tus directly regulates the localization and activity of mTORC1
[32,33]. Signals such as amino acids mediate the recruitment and 
activation of mTORC1 via vacuolar H+-adenosine triphosphatases 
(ATPase) and Rag guanosine triphosphatase (GTPase) complexes
[34]. Disruption of lysosomal membrane integrity is likely to inter-
fere directly with this precisely regulated mechanism [34]. 

Notably, the marked activation of the p53 signaling pathway 
suggests the triggering of DNA damage response mechanisms
[35], although under these pressure conditions, it primarily mani-
fests as cell cycle arrest and repair responses. This observation is 
further supported by the transcriptional changes in specific genes. 
Genes associated with antioxidant activity (such as glutathione-
disulfide reductase (GSR), peroxiredoxin 1 (PRDX1), and PRDX2), 
cell cycle arrest (including cyclin-dependent kinase 2 (CDK2), 
CDK4, E2F transcriptio n factor 1 (E2F1), and WEE1 G2 checkpoint 
kinase (WEE1)), and mitochondrial function (e.g., succinate dehy-
drogenase complex subunit C (SDHC) and ubiquinol -cytochrome
C reductase core protein 1 (UQCRC1)) exhibited more active tran-
scription in groups G1 and G2 (Figs. S13–S17 in Appendix A). In 
contrast, the changes in the expression of these genes in groups 
G3 and G4 were not significant compared with those in the control 
group, indicating that cells can still initiate adaptive stress
responses under lower-pressure conditions.

When the pressure was increased to six ATA, the neural injury 
pattern underwent a significant transition, entering a new phase 
characterized by altered synaptic plasticity and dysregulation of 
the dopaminergic system. Transcriptomic analysis revealed speci-
fic activation of long-term potentiation (LTP) and dopaminergic
synapse pathways (Figs. 5(d) and (e)), with RT-qPCR confirming 
the upregulated expression of key genes, including tyrosine 
hydroxylase (TH; Fig. 5(f)). Notably, while cell cycle and cellular 
senescence pathways were enriched under both pressure condi-
tions, distinct apoptotic signatures emerged exclusively at six 
ATA, suggesting a threshold effect in which HBO-induced cellular 
damage shifts from reversible stress to irreversible cell death. 
Under these elevated pressure conditions, the p53 signaling net-
work exhibited a functional switch toward promoting apoptosis,
demonstrating its pressure-dependent regulatory plasticity.

At the molecular level, pathway enrichment analysis revealed 
multiple enzyme-related pathways, highlighting the central role 
of the lysosome–oxidative stress axis in HBO-induced injury. 
Oxidative stress-induced lysosomal membrane permeabilization 
not only leads to the leakage of hydrolases that directly activate 
cell death execution molecules but also may disrupt lysosome-
dependent mTORC1 signal transduction, thereby affecting autop-
hagic flux and cellular metabolic homeostasis and ultimately
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Fig. 4. Transcriptional changes in cerebral organoids following acute HBO exposure. (a) PCA. (b) DEGs under different treatment conditions versus the control. (c) Venn 
diagram of coexpressed DEGs. (d) Heatmap of gene expression in different treatment groups.
determining cell fate [36–38]. In this context, the sustained activa-
tion of the p53 signaling network plays dual roles under different 
pressure conditions: at five ATA, p53 signaling likely favors cell 
cycle arrest and the promotion of repair mechanisms to maintain 
genomic stability whereas under severe stress at six ATA, irre-
versible damage caused by lysosomal disintegration and aberrant 
mTOR activation may shift p53 signaling toward a pro-apoptotic 
state. This pressure-dependent switch in p53-mediated outcomes
is likely finely regulated upstream by lysosomal status and mTOR
signaling dynamics, warranting further investigation.

To further verify that these changes were induced by the HBO 
environment rather than the intrinsic heterogeneity of the cerebral 
organoids, differential gene expression analysis using Deseq2 and 
GO/KEGG enrichment analysis were also performed on the control 
group. When only samples from days 50–70 were analyzed and the 
same filtering criteria (|log2FC| ≥ 1 and padj < 0.001) used for the
treatment group were applied, no DEGs were identified (Fig. S18 
in Appendix A). Therefore, samples from days 20–30 were included 
to comprehensively analyze transcriptional changes during devel-
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opment. The results revealed that variations in culture duration led 
to alterations in pathways related to enzymatic activity and synap-
tic function, which may be associated with neuronal maturation 
and synaptic transmission during development (Fig. S19 in Appen-
dix A). Notably, the results of the GO enrichment analysis high-
lighted the ‘‘response to light stimulus” pathway, with 
upregulated expression of related genes over longer culture peri-
ods. These findings suggest that extended culture may promote 
the maturation of neural circuits, increasing sensitivity to light
variations in the environment [39]. KEGG analysis revealed that 
the most significantly enriched pathways were the phosphoinosi-
tide 3-kinase (PI3K)–AKT, cyclic adenosine monophosphate 
(cAMP), and cyclic guanosine monophosphate (cGMP)–cGMP-
dependent protein kinase (PKG) signaling pathways, indicating 
that these pathways are influenced by the culture time. Although 
these pathways were not significantly enriched in the days 50– 
70 analysis, subsequent studies should consider whether changes
in these pathways are more strongly affected by the culture dura-
tion than by the HBO environment.
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Fig. 5. (a) GO and (b) KEGG analyses of organoids exposed to HBO for 60 min. (c) Expression of glutamate and receptor-related genes. (d) GO and (e) KEGG analyses of 
organoids exposed to HBO for 120 min. (f) Expression of LTP- and dopaminergic synapse-related genes. ***P < 0.001. cAMP: cyclic adenosine monophosphate; CTPase: C-
terminal processing proteases; cGMP: cyclic guanosine monophosphate; PKG: cGMP-dependent protein kinase; AMPK: adenosine monophosphate-activated protein kinase;
HIF-1: hypoxia-inducible factor-1; NF-jB: nuclear factor jB.
Furthermore, the p53 pathway was not enriched at any culture 
stage, supporting the conclusion that its alterations are specifi-
cally induced by HBO. For the apoptosis pathway identified in 
KEGG, a detailed analysis of significantly differentially expressed 
genes was conducted to determine during which culture periods
these changes occurred. As shown in Fig. S20 in Appendix A, 
pro-apoptotic and anti-apoptotic genes such as B-cell lymphoma 
2-like 2 (BCL2L2), baculoviral IAP repeat containing 5 (BIRC5), 
caspase 3 (CASP3), and CASP6 were generally highly expressed 
from days 20–30 but were expressed at lower levels from days
9

50–70. After HBO exposure, the expression of pro-apoptotic 
genes, including BCL2 associated agonist of cell death (BAD), 
BH3 interacting domain death agonist (BID), CASP3, and CASP9, 
did not significantly change, whereas the expression of anti-
apoptotic genes, such as myeloid cell leukemia 1 apoptosis 
regulator (MCL1), BCL2L2, and B-cell lymphoma 2 (BCL2), was
upregulated in the G1 and G2 samples (Fig. S21 in Appendix A). 
This upregulation of antiapoptotic genes may mitigate HBO-
induced damage, explaining why exposure to five ATA did not
lead to significant changes in apoptosis.
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3.4. HBO-induced pathway dysregulation in cerebral organoids

Transcriptomic profiling of cerebral organoids under differential 
HBO pressures (five ATA vs six ATA) demonstrated pressure-graded 
neurotoxicity. Notably, although the differential expression of indi-
vidual genes was less pronounced under the six ATA condition 
than under the five ATA condition, both the GO and KEGG enrich-
ment analyses revealed a greater gene ratio in the six ATA group. 
This suggests that exposure to higher pressure elicits a more coor-
dinated transcriptomic regulatory response, resulting in broader 
pathway-level adaptations. In contrast, under the relatively mod-
erate stress of five ATA, the organoids responded through strong 
upregulation or downregulation of a limited set of critical genes. 
The results of mouse experiments confirmed that short-term, mild 
HBO exposure (≤ five ATA, ≤ 30 min) can lead to a reduction in
cerebral blood flow, whereas prolonged and high-intensity expo-
sure (≥ five ATA, ≥ 45 min) may restore blood flow regulation to
normal levels [40,41]. However, this ‘‘normal level” state was 
unstable and rapidly increased to 160% of baseline. The regulatory 
mechanisms triggered by such high-intensity stimuli warrant fur-
ther investigation. On the basis of these findings, further investiga-
tion into pathway-level alterations under six ATA conditions is
warranted.

Exposure to six ATA in HBO specifically activated multiple crit-
ical signaling pathways, including the mTOR, AMPK, and PI3K–AKT
pathways (Figs. S22–S24 in Appendix A). Aberrant activation of the 
mTOR signaling pathway is particularly prominent and is closely 
correlated with clinically observed seizure activity following oxy-
gen toxicity [42]. As a key downstream effector of both the PI3K– 
AKT and AMPK signaling cascades, mTOR integrates diverse envi-
ronmental stimuli through its complexes (mTORC1 and mTORC2) 
to regulate neuronal growth, metabolism, and plasticity [43]. 

This study revealed that hyperbaric oxygen exposure downreg-
ulates mouse protein 25 (MO25) expression, leading to aberrant
AMPK activation (Fig. S23). Activated AMPK regulates mTORC1 
activity through the following dual mechanisms: ① direct inhibi-
tion of mTORC1 phosphorylation and ② indirect modulation 
through the promotion of TSC1/2 complex phosphorylation
[44,45]. This regulatory pattern aligns with established reports 
on the crucial role of TSC1/2 in mediating mTORC1 responses to
oxidative stress [46]. Notably, as a key negative regulator of the 
mTOR pathway, TSC1/2 expression is coordinately controlled by 
multiple signaling pathways, including AMPK, TNF, MAPK and
Wnt [47,48]. This intricate network-level regulation may underlie 
the neuronal dysfunction observed following hyperbari c oxygen
exposure.

From a signal transduction perspective, the PI3K–AKT–mTOR 
axis plays a pivotal role in mediating hyperbaric oxygen-induced 
neurotoxicity. Our study demonstrated that HBO exposure acti-
vates the PI3K–AKT pathway, leading to direct AKT-mediated 
mTOR phosphorylation, which subsequently dysregulates funda-
mental cellular processes, including cell cycle progression, prolifer-
ation, and differentiation [49]. These findings provide novel 
mechanistic insights into HBO-induced neurological damage.

Changes in the expression of genes associated with the mTOR 
pathway revealed that mTOR-related gene expression remained 
relatively stable in the control group (days 50–70; Fig. S25 in 
Appendix A). However, after HBO treatment, the expression of 
most genes in this pathway increased to varying degrees. Specifi-
cally, AKT1, eukaryotic translation initiation factor 4E binding pro-
tein 2 (EIF4EBP2), protein kinase AMP-activated non-catalytic 
subunit beta 2 (PRKAB2), and Unc-51 like autophagy activating 
kinase 2 (ULK2) were markedly upregulated in the G1 and G2 
groups, whereas TSC2 and ras homolog enriched in brain 2 (Rheb)
expression was slightly elevated in the G3 and G4 groups
(Fig. S26 in Appendix A). These findings suggest that HBO exposure
10
consistently perturbs mTOR signaling, although the specific regula-
tory mechanisms differ under varying pressure conditions. In par-
ticular, the six ATA treatments appeared to preferentially involve 
regulation mediated by the TSC2 complex. These results further 
support the notion that although more genes were altered in the 
six ATA group, the extent of change in certain individual genes
was more pronounced in the five ATA group.

Our findings revealed distinct pressure-dependent neurotoxic-
ity mechanisms: under five ATA HBO, neurotoxicity manifested 
primarily as glutamatergic system dysregulation and oxidative 
stress-mediated lysosomal damage, where ROS accumulation 
increased lysosomal membrane permeability, triggering cathepsin 
release and exacerbating neuronal dysfunction. In contrast, six ATA 
HBO exposure exceeded cellular compensatory capacity, shifting 
the injury pattern to mTOR pathway dysregulation-dominated 
alterations in synaptic plasticity. The TSC1/2–mTORC1 axis serves 
as a critical molecular switch in this pressure-dependent transi-
tion: lysosomal damage (via cathepsin B/D release) activated
mTORC1 signaling, while mTORC1 overactivation further sup-
presses autophagy-lysosomal function [50], establishing a vicious 
cycle (Fig. 6).

Notably, a bidirectional regulatory loop exists between the lyso-
some–oxidative stress axis and the mTOR pathway: ROS accumu-
lation compromises lysosomal membrane integrity, triggering 
abnormal mTORC1 dissociation and activation from lysosomal sur-
faces. Conversely, mTORC1 hyperactivation suppresses the nuclear 
translocation of transcriptio n factor EB (TFEB)—the master regula-
tor of lysosomal biogenesis—thereby impairing lysosomal regener-
ation capacity. This positive feedback cycle likely constitutes the
core mechanism underlying the pressure-dependent exacerbation
of HBO-induced neurotoxicity.

On the basis of these mechanistic insights, targeted modulation 
of the mTOR pathway (e.g., via rapamycin and its derivatives) not 
only directly suppresses mTORC1 hyperactivation but also restores 
TFEB-mediated lysosomal biogenesis, thereby disrupting the 
vicious cycle of oxidative stress–lysosomal dysfunction–mTOR
overactivation [51]. 

3.5. Mouse experiments validation of the cerebral organoid findings

The central objective of this study was to investigate the neuro-
toxic effects of HBO in occupational contexts such as diving. In 
such scenarios, the exposed subjects are typically adults with 
mature physiological functions, and their neural cells—such as 
neurons and glia—have reached a functionally stable state. While 
current cerebral organoid models can mimic the nervous system 
up to late early-to-mid pregnancy stages, they still lack mature
synaptic connectivity and sufficient tissue complexity [52]. 

With respect to HBO-related research, the mature mouse brain 
shares critical characteristics with the human brain: both stably 
express cell type-specific markers (e.g., neuronal nuclei (NeuN) in 
neurons and GFAP in astrocytes), and both rely predominantly on 
aerobic metaboli sm, where mitochondria generate ATP through
oxidative phosphorylation [53]. Characteristic injury responses 
observed in human cerebral organoids under HBO exposure—such 
as elevated ROS levels and mitochondrial dysfunction—can be cor-
related in mature mouse models through homologous cellular
damage mechanisms [54]. Therefore, we established a mouse 
in vivo model to validate the critical role of the mTOR pathway in 
HBO-induced neurotoxicity identified in cerebral organoid studies.

The experimental design included HBO-exposed groups and 
temsirolimus (mTOR inhibitor)-treated intervention groups
(Fig. 7(a)). Through behavioral, molecular, and histological analy-
ses, we systematically verified both the central involvement of 
mTOR signaling in HBO-mediated neural damage and the effective-
ness of pharmacological intervention.
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Fig. 6. Dysregulated signaling pathways induced by HBO exposure. Red: upregulated; green: downregulated. S6K: ribosomal protein S6 kinase; 4E-BP1: eukaryotic 
translation initiation factor 4E-binding protein 1; VAMP8: vesicle associated membrane protein 8; LC3: microtubule associated protein 1 light chain 3; ULK1: Unc-51 like
autophagy activating kinase 1; TFEB: transcription factor EB.
Behavioral assessments revealed that HBO-exposed mice devel-
oped characteristic neurotoxic symptoms, including convulsions, 
tremors, and tonic–clonic seizures, within 10 min, with one fatal 
case. Notably, while temsirolimus pretreatment did not completely 
prevent symptom onset, it significantly reduced seizure severity. 
Compared with the HBO group, the intervention group maintained 
an upright posture significantly longer with no mortality observed. 
These findings strongly corroborate the neuroprotective effects of
mTOR inhibition predicted by previous cerebral organoid studies.

Molecular analyses revealed the mechanism of mTOR pathway 
hyperactivation. While mTOR gene transcription remained unal-
tered, we observed significan t upregulation of mTORC1 complex 
components and their regulators AMPKa1 and TSC1 (Fig. 7), per-
fectly recapitulating the activation pattern identified in organoid 
studies. Temsirolimus, a specific mTORC1 inhibitor targeting the 
FRB domain, effectively blocked HBO-induced mTORC1 hyperacti-
vation and substantially suppressed the compensatory upregula-
tion of AMPKa1 and TSC1 [55]. 

Spatial profiling of neuronal activation via c-Fos immunostain-
ing revealed selective regional vulnerability to HBO exposure. 
Prominent neuronal activation was detected exclusively in the hip-
pocampal and temporal cortical regions, with no significant c-Fos
induction observed in other brain areas (Fig. 8(a), Fig. S27 in 
Appendix A). Temsirolimus pretreatment effectively attenuated 
HBO-induced neuronal hyperexcitability in both regions; however,
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the protective effect was significantly more pronounced in the hip-
pocampus than in the temporal cortex (Fig. 8(b)). This regional dis-
parity likely reflects both the differential distribution of mTOR 
pathway components and their functional specialization across
brain areas [56,57].

The hippocampus, widely regarded as the ‘‘epicenter” of tempo-
ral lobe epilepsy (TLE) and the neuropathological cornerstone of 
hippocampal sclerosis, exhibits heightened vulnerability to insults 
and a heightened propensity for aberrant discharge generation
[58]. As the primary seizure-onset zone in TLE (a common focal 
epilepsy syndrome marked by pathological hyperexcitability 
within the temporal lobe), the hippocampus plays a critical role 
in initiating abnormal synchronous firing and fostering recurrent,
unprovoked seizures [59]. In this study, HBO likely induced initial 
injury to hippocampal neurons, leading to subsequent activation 
throughout the temporal lobe and potentially eliciting TLE-like
hyperexcitation.

To further investigate whether temsirolimus affects neuronal 
activation in different brain regions by targeting the mTOR path-
way, we performed costaining experiments for c-Fos and mTOR 
in the brain tissues of mice treated with this drug (Fig. 8). Although 
mTOR expression was observed throughout the brain, neuronal 
activation marked by c-Fos was specifically concentrated in the 
hippocampal and cortical regions (Figs. S28 and S29 in Appendix 
A), suggesting that these two brain areas may be regulated by

move_f0040


X. Ma, Y. Bai, J. He et al. Engineering xxx (xxxx) xxx

Fig. 7. (a) Schematic diagram of the animal experiment. (b–h) Expression of mTOR pathway-related genes in mouse brain tissue: (b) AKT; (c) AMPKa1; (d) AMPKa2L; (e) TSC1; 
(f) TSC2; (g) mTOR; (h) mTORC1.  *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
the mTOR pathway and thus involved in the process of neuronal 
activation. However, although neuronal activation in the hip-
pocampal region was significantly inhibited after temsirolimus 
treatment, the inhibitory effect on mTOR itself was not remarkable.

To further explore this phenomenon, we analyzed the expres-
sion of 8-OHdG, a specific DNA damage product resulting from 
ROS-induced DNA attack [60]. The results revealed that sustained 
mTOR activation led to a widespread increase in 8-OHdG expres-
sion, which was predominantly concentrated in the temporal lobe 
region, while temsirolimus treatment alleviated such oxidative
DNA damage (Fig. S30 in Appendix A). Notably, a bidirectional 
feedback loop exists between 8-OHdG and the mTOR pathway: 
excessive ROS-induced mTOR overactivation can upregulate 8-
12
OHdG expression, while 8-OHdG itself can also suppress mTOR 
expression, thereby inhibiting cellular anabolism and activating 
autophagy to mitigate damage [61,62]. The inhibitory effect of 
temsirolimus on 8-OHdG may interfere with the negative feedback 
regulation of mTOR by 8-OHdG, which could explain the reasons 
for the insignificant change in mTOR activity.

Seizure-induced neuronal damage is mediated through multi-
ple mechanisms, among which oxidative stress plays a central role. 
Excessive ROS production coupled with compromised antioxidant 
defenses synergist ically exacerbates neural impairment, with the 
hippocampus being particularly susceptible to damage because of
its high metabolic demand and unique cytoarchitecture [63]. This 
inherent vulnerability creates a vicious cycle: initial hippocampal
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Fig. 8. (a) c-Fos and mTOR costaining of mouse brain tissue. Scale bars, 1000 lm. (b) Quantification of c-Fos+ cells in the hippocampus and temporal cortical region. *P < 0.05,
**P < 0.01.
damage predisposes to TLE, and recurrent seizures further aggra-
vate hippocampal degeneration. In this study, temsirolimus 
appeared to confer dual protection by concurrently attenuating 
mTOR hyperact ivation and 8-OHdG accumulation, thereby safe-
guarding hippocampal and cortical neurons from HBO-induced
excitotoxicity and disrupting this self-perpetuating cycle of injury.

In summary, on the basis of the characterization of neuronal 
activation, temsirolimus has demonstrates significant therapeutic 
effects on HBO-induced abnormal neuronal excitation.
4. Conclusion s 

CNS-OT represents a critical challenge in the field of HBOT, 
necessitating the elucidation of its pathological mechanisms and 
the development of preventive strategies. This study innovatively 
employed human cerebral organoid s coupled with animal valida-
tion to systematically decipher HBO-induced neurotoxicity mech-
anisms, establishing both novel methodological frameworks and
theoretical foundations for CNS-OT research.

Through functional validation, we successfully established a 
cerebral organoid model system recapitulating the characteristic 
structural and functional features of the human brain. Integrated 
sequencing analysis and functional studies elucidated the pivotal 
role of mTOR signaling in HBO-induced CNS-OT, demonstrating 
that coordinated activation of the PI3K–AKT and AMPK pathways
serves as the key upstream event triggering mTOR hyperactivation.
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Crucially, these findings were rigorously validated in mouse mod-
els: pretreatment with temsirolimus (mTOR inhibitor) significantly 
mitigated HBO-induced neural damage at the behavioral, molecu-
lar, and functional levels, supporting the central regulatory role of
the mTOR pathway.

Animal models have been extensively employed in studies of 
HBO-induced neural injury because of their ability to evaluate sys-
temic and tissue-level physiological responses. However, precise 
dissection of cell type-specific mechanisms requires targeted label-
ing and complementary in vitro validation. This study established 
cerebral organoids with structural and functional features of the 
human brain to recapitulate neurodevelopmental stages and simu-
late the complex CNS microenvironment, thereby systematically 
elucidating HBO-induced neurotoxicity mechanisms. Unlike con-
ventional models, cerebral organoids retain human genetic iden-
tity while incorporating three-dimensional cytoarchitecture and 
multicellular interactions, offering a unique platform for investi-
gating CNS-OT and other neurological disorders. We further 
demonstrate the therapeutic potential of mTOR inhibitors in miti-
gating HBO-related damage and propose an organoid-based exper-
imental framework for oxygen toxicity research. These findings
provide novel mechanistic insights and conceptual advances for
the prevention and clinical management of oxygen toxicity, sup-
porting the safe application of HBOT.

Despite these significant advances, our study has certain limita-
tions: the inherent heterogeneity of whole-brain organoids may 
affect region-specific investigations, and the pharmacological 
intervention protocol requires further optimization. Future
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research should focus on ① refining drug administration regimens 
to enhance cortical protection; ② developing precise therapeutic 
strategies targeting hippocampal-cortical circuit specificity; and 
③ utilizing juvenile animal models, extended organoid culture 
(e.g., beyond 120 d), and maturation-induction approaches—such 
as vascular endothelial cell coculture or modulation of glial differ-
entiation factors—to systematically evaluate structural, functional, 
and transcriptomic alignment between model systems and both
developing and adult CNS. These efforts will advance CNS-OT
research toward more precise and effective interventions.
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