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Purpose: Our Prior research has shown that 6-hydroxygenistein (6-OHG) alleviates hypobaric hypoxia induced brain injury (HHBI)
achieved by its powerful antioxidant, anti-inflammatory, and anti-apoptotic capabilities, but its mechanism still requires additional
investigation. The objective of this study was to uncover the protective mechanism of 6-OHG against HHBI based on transcriptomics
analysis and experimental validation.

Methods: The gene levels in brain tissue obtained from previous study were accessed via the RNA-Seq technique. DESeq2 R package
was used to identify the differentially expressed genes (DEGs). Functional enrichment analysis and molecular docking were
investigated utilizing the clusterProfiler R package and Autodock Vina software, respectively. In experimental validation stage,
histological analysis was performed using Hematoxylin-Eosin (HE) staining. Oxidative stress, inflammatory, and apoptotic indexes
in brain tissue were measured using commercial kits. Western blot was applied for detecting related protein expression.

Results: The RNA-Seq analysis revealed 905 differentially expressed genes (DEGs) between the Con and Mod groups, with 239
upregulated and 666 downregulated. Between the 6-OHG and Mod groups, there were 192 DEGs, including 98 upregulated and 94
downregulated genes. Go and KEGG function analyses highlighted the PI3K/AKT signaling pathway as a crucial regulatory
mechanism. Western blot analysis showed that HH exposure caused a decrease in the ratios of p-PI3K/PI3K and p-AKT/AKT in
the mouse brain, but this effect was reversed by 6-OHG treatment, indicating that 6-OHG activates the PI3K/AKT signaling pathway.
Furthermore, LY294002, a selective PI3K inhibitor, effectively blocked this activation and also abolished the protective effects of
6-OHG on histopathological damage, as well as its antioxidant, anti-inflammatory, and anti-apoptotic activities in HHBI mice.
Conclusion: 6-OHG mitigates HHBI by activating the PI3K/AKT signaling pathway, suggesting its potential therapeutic application
for HHBI treatment.

Keywords: 6-hydroxygenistein, transcriptomics, therapeutic target, hypobaric hypoxia induced brain damage, PI3K/AKT signaling
pathway

Introduction

Areas above 2500 meters are called plateaus, which are characterized by hypobaric hypoxia (HH), cold temperatures, dry air,
and strong solar radiation, making them one of the most challenging environments on Earth.' Among these factors, HH poses
a particularly significant challenge. Exposure to HH environments lowers the partial pressure of inspired oxygen, which
affects the lungs, brain, heart, and other organs, ultimately causing systemic damage.” The brain is one of the most oxygen-
consuming organs in the mammalian body due to its high reliance on oxidative phosphorylation, which makes it very sensitive
and vulnerable to hypoxia.> HH is capable of causing brain damage, which is mainly characteristic of morphological
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abnormalities, oxidative stress, mitochondrial dysfunction, inflammatory response, and apoptosis.* However, there is a lack of
effective approaches for preventing and treating HH induced brain injury (HHBI), underscoring the urgent requirement for
novel and effective therapeutic agents and strategies.

Transcriptomics, which examines gene expression at the RNA level, offers comprehensive insights into gene structure
and function, enabling the elucidation of molecular mechanisms underlying specific biological processes.’ In recent
years, RNA sequencing (RNA-seq) combined with bioinformatics analysis has been widely employed to identify the
molecular mechanisms of drugs utilized for preventing and treating high-altitude-related tissue damage.®’

4'5,6,7-tetrahydroxyisoflavone (6-hydroxygenistein, 6-OHG, Figure 1), an active ingredient in fermented soybean
foods,® possesses some health-related biological roles such as hepatoprotective,’ anti-hypoxia,'® anticancer,'' and
antimelanogenesis'? activities. Recently, our research demonstrated that 6-OHG mitigates HHBI by activating the
Nrf2/HO-1 pathway and inhibiting the NF-xB/NLRP3 pathway.'> However, the precise regulatory mechanisms by
which 6-OHG modulates these pathways remain to be fully elucidated. In this study, a mice model of HHBI was
employed to investigate the protective mechanism of 6-OHG via transcriptomics analysis and experimental
validation.

Materials and Methods

Reagents

6-OHG was synthesized following the procedure we previously described."® The Bicinchoninic Acid (BCA) protein
assay kit (PC0020) was provided by Beijing Solarbio Science & Technology Co., Ltd (Beijing, China). The kits of
hydrogen peroxide (H,O,, A064-1-1), glutathione (GSH, A006-2-1), malondialdehyde (MDA, A003-1-2), superoxide
Dismutase (SOD, A001-3-2), Caspase-3 (G015-1-2), and Caspase-9 (GO18-1-2) were provided by Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Mouse tumor necrosis factor-a (TNF-a, RX202412M), interleukin-13 (IL-1p,
RX203063M), interleukin-6 (IL-6, RX203049M), and interleukin-10 (IL-10, RX203075M) ELISA kits were provided by
Quanzhou Ruixin BioTechnology Co., LTD (Quanzhou, China). The primary antibodies against S-actin (ab8227) were
purchased from Abcam (Cambridge, UK). The primary antibodies against PI3K (4292S), p-PI3K (4228S), AKT (9272S),
and p-AKT (4060S) were purchased from Cell Signaling Technology (Danvers, USA). The primary antibodies against
Bax (50599-2-1g) and Bcl-2 (AF6139) were obtained from Proteintech (Wuhan, China) and Affinity (Jiangsu, China),
respectively. Goat anti-mouse IgG and Goat anti-rabbit IgG were obtained from Zhongshan Golden Bridge Biological
Technology Co., Ltd. (Beijing, China).

Animal

Male Balb/c mice (age: 7 weeks, weight: 20 + 2 g) were obtained from the Laboratory Animal Center of the Air
Force Medical University (Xian, China). The mice were housed under controlled conditions (23-25 °C, 12-hour
light/dark cycle) with ad libitum to food and water. Animal experiments were approved by the Animal Care and Use
Committee of 940th Hospital (No: 2021KYLL241) and were conducted in strict accordance with the National
Research Council’s Guide for the Care and Use of Laboratory Animals. The utilization of experimental animals and
their associated discomfort were significantly minimized. Mice were acclimatized for one week before the start of

experiment.
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Figure | Chemical structure of 6-OHG.
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Establishment of HHBI Model

The HHBI model was established as reported previously.'® Briefly, eighteen mice were randomly classified into three
groups (n = 6 per group): control (Con) group, hypobaric hypoxia (Mod) group, and HH plus 6-OHG (6-OHG) group.
Mice in the Con and Mod groups were intraperitoneally injected with saline, while mice in the 6-OHG group were
intraperitoneally injected with 6-OHG (100 mg/kg, suspended in 5% Tween 80 in saline). After 30 min, the mice in the
Con group were housed under normal conditions, whereas the mice in Mod and 6-OHG groups were placed in an animal
decompression chamber (DYC-3070, Guizhou Fenglei, China) and subjected to a mimic height of 8000 m (0.035 MPa,
humidity, 40-50%, and temperature, 23-25 °C) for 24 h. Although the oxygen fraction remained near 21%, the reduced
atmospheric pressure resulted in a markedly lower partial pressure of oxygen (PO,), thereby inducing severe hypoxic
conditions. Mice were ad libitum access to food and water during the experimental period. After 24 h, the mice were
euthanized. The brain tissue was collected for transcriptomic assays.

We further examined the underlying mechanisms in the next study period. Forty mice were randomly classified into
four groups (n = 10 per group): Con group, HHBI group, HHBI+6-OHG, and HHBI+6-OHG plus PI3K inhibitor
LY294002"° (HHBI+6-OHG+LY) group. For the HHBI+6-OHG+LY group, LY294002 (10 mg/kg, dissolved in 10%
DMSO-saline solution, with the dose determined based on our previous study'®) was intraperitoneally injected into the
mice 30 min before 6-OHG administration. Other protocols were identical to those described above.

Total RNA Extraction and Transcriptome Sequencing Analysis

The RNA-seq analysis was carried out by Biotree Biotech Co., Ltd. (Shanghai, China). Total RNA was extracted from
brain tissue using the Trizol reagent (thermofisher, 15596018). A total of 13 RNA samples (four samples in both the Con
and the 6-OHG groups, and five samples in the Mod group) were obtained. Bioanalyzer 2100 and NanoDrop 2000
Spectrophotometer (Thermo Scientific, USA) was utilized to analyze RNA quantity and purity. The RNA-seq library
preparation was then performed utilizing NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA). The
library was sequenced on an illumina Novaseq 6000 platform, producing 150 bp paired-end reads. Low-quality reads
were removed using Cutadapt and clean reads were aligned to the mouse reference genome (mm10) using HISAT2. The
expression levels of all transcripts were estimated using StringTie, with mRNA abundance quantified in FPKM
(fragments per kilobase of transcript per million mapped reads). Differentially expressed genes (DEGs) between two
groups were identified using DESeq2 (Jlog2FoldChange| > 1, adjusted p-values (padj < 0.05)). Principal components
analysis (PCA), Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
were conducted utilizing the clusterProfiler R package.

Histopathological Analysis

From each group, three mouse brain tissue specimens were randomly selected. Brain tissues were isolated and soaked in
paraformaldehyde (4%). Then tissues were embedded in paraffin wax and cut into 5 um thick sections using
a microtome. The slices were dewaxed using xylene and hydrated with ethanol. After rinsing with distilled water, it
was stained with hematoxylin and eosin (H&E). Gradient dehydration was performed using 75%, 85%, 95%, and 100%
ethanol. Finally, the slices were observed and photographed using a Pannoramic MIDI II Digital Scanner (3DHISTECH
Ltd., Budapest, Hungary) equipped with a 40x objective lens (numerical aperture, NA = 0.95). For analysis and
presentation, 40x magnification images were utilized. Subsequently, semiquantitative assessment was employed to
evaluate alterations in brain tissue pathology based on the following parameters: severity of edema (0-3 points), degree
of vascular congestion (0-3 points), and extent of neuronal damage (03 points). Each parameter was scored indepen-
dently, and a total neuropathology score (ranging from 0 to 9) was calculated for each region.

Biochemical Analysis
From each group, six mouse brain tissue specimens were randomly selected for the quantification of H,O,, MDA, GSH, SOD,
caspase-3, and —9 using corresponding commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
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ELISA Analysis

From each group, six mouse brain tissue specimens were randomly selected, and the concentrations of inflammatory
factors, including TNF-a, IL-1pB, IL-6, and IL-10 were assessed using corresponding commercial ELISA kits (Quanzhou
Ruixin BioTechnology Co., LTD, Quanzhou, China).

Western Blotting Analysis

From each group, five mouse brain tissue specimens were randomly selected. The brain tissue was lysed in RIPA buffer
supplemented with protease inhibitor and phosphatase inhibitor. Protein contents were quantified by the BCA assay kit.
Tissue lysates were loaded onto Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then
transferred to the PVDF membranes (Millipore, USA). After blocking with 5% (w/v) skimmed milk in TBST buffer, the
membranes were incubated with primary antibodies at 4 °C overnight, and subsequently incubated with HRP-conjugated
secondary antibodies for 120 min at 25 °C. The bands were visualized by enhanced chemiluminescence (ECL) reagent
and recorded on ChemiDoc MP imaging system (Hercules, CA, USA). -actin was employed as an endogenous loading
control to ensure equal protein loading in each lane. ImagelJ software was employed to quantify the band intensity.

Molecular Docking

The crystal structures of PI3K (PDB ID: 4JPS) and AKT (PDB ID: 8UW9) proteins were obtained from RCSB protein
data bank (https://www.rcsb.org/). Water molecules, salt ions, and other small molecules in proteins were removed using
PyMOL software (version 3.0.0). The 3D structure of 6-OHG (compound CID: 6063386) was obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/). Using AutoDock Tools (version 1.5.7), the protein structures were prepared by

adding hydrogen atoms, calculating atomic charges, and merging nonpolar hydrogens. The small molecule ligand
(6-OHG) was prepared through hydrogenation and bond flexibility assignment. The docking search space was defined
using a grid box with the following parameters: for PI3K, the center was set at (X, Y, Z) = (—37.5, —15.6, 27.8) with
dimensions (X x Y x Z) = 25 x 25x25 A, located within the p850-nSH2-adjacent region; for AKT1, the center was set at
(25, 12, —28) with dimensions of 20 x 20x20 A, situated at the PH-kinase interface within the allosteric pocket. An
exhaustiveness value of 32 was used for the docking calculations. Molecular docking of 6-OHG with each protein was
performed using AutoDock Vina (version 1.2.7). The resulting docking poses were visualized and analyzed using
PyMOL and Discovery Studio (version 4.5).

Statistical Analysis

Investigators involved in data collection and analysis were blinded to the group allocation during the experiment and
assessment. Data were presented as mean + standard deviation (SD). Statistical analysis was performed utilizing
GraphPad Prism 8.0 software. One-way analysis of variance (ANOVA) with Tukey’s test was performed for the
comparison between groups. A P-value of less than 0.05 was regarded as statistically significant.

Results

Transcriptome Profiling of Brain Tissue

As shown in Table S1, the Q30 base distribution ranged from 97.22% to 97.98%, indicating trustworthy sequencing data
suitable for downstream analysis. Clean reads were mapped to the mouse reference genome (mm10) with mapping ratios
between 95.57% and 96.87% (Table S2). Gene expression levels were quantified using RPKM values. Boxplots
illustrating the distribution of gene expression across all 13 datasets were presented in Figure 2A. Density plots revealed
similar gene expression distribution patterns across the 13 samples in the three groups (Figure 2B). Pearson’s correlation
coefficients between biological replicates exceeded 0.99, demonstrating high reproducibility of the sequencing results
(Figure 2C). These resulting indicated that the sequencing data met the requirements for further analysis. PCA showed
independent separation among the three groups in the principal component of the PC1xPC2 score plot (Figure 2D). The
heat-map among the three groups showed significantly changed genes (Figure 2E).
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Figure 2 Features of sequencing data. (A) Box plot of log2 (RPKM) expression values for each sample. (B) Density plot of the distribution of log2 (RPKM) values for each
sample. (C) Pearson’s correlation analysis between samples. (D) PCA analysis. (E) Hierarchical clustering heatmap of the DEGs.

DEGs Analysis

As shown in Figure 3A-D, 905 DEGs (239 upregulated and 666 downregulated) in the Con vs Mod groups, and 192
DEGs (98 upregulated and 94 downregulated) in the 6-OHG vs Mod groups were found. Meanwhile, 10 DEGs
overlapped between the Con vs Mod groups and the 6-OHG vs Mod groups (Figure 3E).

Enrichment Analysis of DEGs
GO functional enrichment analysis was performed to annotate gene functions and categorize the DEGs into biological process
(BP), cellular component (CC), and molecular function (MF) (Figure 4A and B). In the BP module, the DEGs in the Con vs
Mod groups were primarily enriched in signal transduction, biological process, multicellular organism development, cell
differentiation, positive regulation of transcription by RNA polymerase II, and apoptotic process; while the DEGs in the
6-OHG vs Mod groups were primarily enriched in positive regulation of transcription by RNA polymerase II, biological
process, regulation of DNA-templated transcription, signal transduction, and innate immune response. In the CC module,
DEGs both in the Con vs Mod groups and 6-OHG vs Mod groups were primarily enriched in the membrane, cytoplasm,
nucleus, and plasma membrane. In the MF module, protein binding, metal ion binding, molecular function, DNA binding, and
nucleotide binding were significantly enriched in both Con vs Mod groups and 6-OHG vs Mod groups.

KEGG pathway enrichment analysis for these DEGs in the Con vs Mod and 6-OHG vs Mod groups was performed
separately (Figure 4C and D). We found that the PI3K/AKT pathway, neuroactive ligand-receptor interaction, Ras pathway,
and MAPK pathway, were remarkably enriched for the DEGs in both Con vs Mod groups and 6-OHG vs Mod groups. We
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proposed that the PI3K/AKT signaling pathway potentially serves as a crucial mechanism underlying 6-OHG-mediated
neuroprotection against HHBI.

Screening for DEGs Related to PI3K/AKT Signaling Pathway

To better capture the changes of PI3K/AKT signaling pathway-related genes, the heatmaps were constructed to give
a pictorial view. Compared to Con group, HH exposure significantly decreased the levels of Igf2, Tnc, and Bdnf,
significantly increased the levels of Angpt2, Vegfa, Col4al, Flt4, Cdknla, Epha2, Pgf, 112rg, Col2al, Tnn, and Epo
(Figure 5A). Compared to Mod group, 6-OHG treatment markedly decreased the levels of Pgf, Gngl1, I13ra, and Efna4,
whereas markedly enhanced the level of Nr4al (Figure 5B).

LY294002 Offset the Activation of PI3K/AKT Signaling Pathway by 6-OHG
Bioinformatics analysis indicated that the PI3K/AKT signaling pathway plays a role in the protective effect of 6-OHG
against HHBI. To further confirm this finding, Western blot was employed to analyze PI3K/AKT signaling pathway-
related proteins, such as PI3K, p-PI3K, AKT, and p-AKT. As shown in Figure 6A—C and Figure S1, HH exposure
significantly reduced the p-PI3K/PI3K and p-AKT/AKT ratios in brain tissue by 60% (95% CI: 49% to 70%) and 52%
(95% CI: 30% to 65%), respectively, compared to the control group (both P < 0.01). Treatment with 6-OHG effectively
reversed these changes, increasing the p-PI3K/PI3K and p-AKT/AKT ratios by 2.09-fold (95% CI: 1.53 to 2.86, P <
0.01) and 1.70-fold (95% CI: 1.19 to 2.36, P < 0.05), respectively, compared to the HHBI group. Notably, the specific
PI3K inhibitor LY294002 abolished the effects of 6-OHG. In the LY294002-treated group, the p-PI3K/PI3K and p-AKT/
AKT ratios decreased by 67% (95% CI: 54% to 78%, P < 0.01) and 47% (95% CI: 23% to 63%, P < 0.05), respectively,
compared to the 6-OHG group, confirming that the effects of 6-OHG are mediated through the PI3K/AKT pathway.
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Figure 5 Effect of 6-OHG on the PI3K/AKT signaling pathway following HH exposure. (A) Hierarchical clustering heatmap of the DEGs related to PI3K/AKT signaling
pathway in the Con vs Mod groups (B) Hierarchical clustering heatmap of the DEGs related to PI3K/AKT signaling pathway in 6-OHG vs Mod groups.
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Figure 6 LY294002 offset the activation of PI3K/AKT signaling pathway by 6-OHG. (A) Representative Western blots of p-PI3K, PI3K, p-AKT, and AKT in brain tissue. (B)
Quantitative analysis of the p-PI3K/PI3K ratio in brain tissue. (C) Quantitative analysis of the p-AKT/AKT ratio in brain tissue. Data are presented as mean * SD. n =5 per
group, 7P <0.01 vs Con group. *P <0.05, **P <0.01 vs HHBI group. P <0.05, %¥P <0.01 vs HHBI + 6-OHG group. (D) Visualization of the docking results of 6-OHG binding

to PI3K and AKT.

Molecular Docking Analysis

To elucidate the interaction mode of 6-OHG with PI3K/Akt pathway, the potential target amino acid residues and
intermolecular interactions of 6-OHG with PI3K and AKT were also predicted using molecular docking. As shown in
Figure 6D and Table 1, 6-OHG was able to enter the active pocket of both proteins, with binding free energies of —8.00 kcal/
mol for PI3K and —9.12 kcal/mol for AKT, respectively. All the optimal conformations exhibited cluster RMSDs of 0 A and
formed at least two hydrogen bonds. Additionally, interactions such as van der Waals forces, Pi-Anion, Pi-Sigma, Amide-

Table | Autodock Scores and Stability Evaluation of Optimal Docking Conformations

Ligands Receptors Free Energy of Binding Cluster RMSD Hydrogen Bond Sites
6-OHG PI3K (4JPS) —8.00 kcal/mol 0A A: LYS-1024, LYS-1030

B: ILE-338, ARG-358, ASP-359, ALA-360
6-OHG AKT (8UW9) —9.12 kcal/mol 0A THR-82, ASN-54
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Pi, Pi-Alkyl, Pi-Pi T-shaped, and Pi-Sulfur were identified, which may contribute to the stability of 6-OHG binding to PI3K
and AKT. These findings demonstrate that 6-OHG may regulate the PI3K/AKT signaling pathway through direct interac-
tions with these proteins.

LY294002 Attenuated the Neuroprotective Efficacy of 6-OHG Against HH-Induced

Histopathological Damage in Mice Brain

The histopathological changes were accessed by H&E staining. As shown in Figure 7A and B, HH exposure resulted in
structural and functional abnormalities in neurons, evidenced by disorderly arranged and edema neurons, and dilated
blood vessels. These changes were ameliorated by 6-OHG treatment. However, the beneficial effects of 6-OHG were
attenuated by LY294002, indicating that the neuroprotective effects of 6-OHG are mediated through the PI3K/AKT
pathway.

LY294002 Counteracted the Anti-Oxidant Stress Effect of 6-OHG

As seen in Figure 8A-D, compared to the control group, HH exposure markedly elevated H,O, and MDA levels in brain
tissue by 1.93-fold (95% CI: 1.57 to 2.41) and 2.29-fold (95% CI: 2.02 to 2.57), respectively, and reduced SOD activity
and GSH content to 70% (95% CI: 62% to 78%) and 54% (95% CI: 43% to 68%), respectively (all P<0.01). Treatment
with 6-OHG significantly reversed these HH-induced changes, decreasing H,O, and MDA contents by 39% (95% CI:
36% to 40%) and 33% (95% CI: 27% to 45%), and increasing SOD activity and GSH content by 1.24-fold (95% CI: 1.12
t0o1.36) and 1.51-fold (95% CI: 1.22 tol.89), respectively, compared to the HHBI group (all P<0.01). Notably,
LY294002 abolished the effects of 6-OHG. In the LY294002-treated groups, H,O, and MDA contents increased by 1.37-
fold (95% CI: 1.15 to 1.62, P < 0.01) and 1.30-fold (95% CI: 1.07 to 1.57, P < 0.05), whereas SOD activity and GSH
content decreased by 15% (95% CI: 6% to 23%, P < 0.05) and 29% (95% CI: 14% to 43%, P < 0.05), respectively,
compared to the 6-OHG group. These results suggest hat the antioxidant effects of 6-OHG are mediated through the
PIBK/AKT pathway.

LY294002 Counteracted the Anti-Inflammatory Role of 6-OHG

As seen in Figure 8E—H, compared to the control group, HH exposure markedly elevated the concentrations of pro-
inflammatory factors in brain tissue, including TNF-a, IL-1p, and IL-6, by 1.49-fold (95% CI: 1.31 to 1.69), 1.42-fold
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Figure 7 LY294002 reversed the protective effect of 6-OHG on HH-induced histopathological damage in mice brain. (A) Representative images of H&E staining in the
cortex (40x magnification, scale bar = 50 m). Red arrows indicated cell edema. Blue arrows indicated dilation of blood vessel congestive. (B) Semiquantitative Score of
Brain Histopathological Injury. Data are presented as the mean % SD. n = 3 mice/group, two images per mouse. P <0.01 vs Con group. **P <0.01 vs HHBI group. %P <0.05 vs
HHBI + 6-OHG group.
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Figure 8 LY294002 counteracted the anti-oxidant stress and anti-inflammatory roles of 6-OHG. (A) H,O, content. (B) MDA content. (C) SOD activity. (D) GSH content.
(E) TNF-a content. (F) IL-6 content. (G) IL-1B content. (H) IL-10 content. Data are presented as mean # SD. n =6 per group. **P <0.01 vs Con group. *P <0.05, *P <0.01 vs
HHBI group. P <0.05, %P <0.01 vs HHBI + 6-OHG group.

(95% CI: 1.26 to 1.60), and 1.57-fold (95% CI: 1.31 to 1.85), respectively, and reduced the level of anti-inflammatory
factor (IL-10) to 60% (95% CI: 53% to 67%) (all P<0.01). Treatment with 6-OHG inhibited inflammatory response by
decreasing the release of TNF-a, IL-1pB, and IL-6 by 30% (95% CI: 19% to 39%), 16% (95% CI: 8% to 23%), and 21%
(95% CI: 7% to 32%), respectively (all P<0.01), and increasing IL-10 level by 1.25-fold (95% CI: 1.10 to 1.43, P<
0.05), compared to the HHBI group. These beneficial effects were reversed by LY294002. In the LY294002-treated
groups, the levels of TNF-a, IL-1B, and IL-6 increased by 1.20-fold (95% CI: 1.01 to 1.39), 1.15-fold (95% CI: 1.06 to
1.26), and 1.23-fold (95% CI: 1.10 to 1.37), respectively (all P <0.05), whereas IL-10 level decreased by 21% (95% CI:
9% to 32%, P < 0.01), compared to the 6-OHG group. These results indicate that the anti-inflammatory properties of
6-OHG depend on PI3K/AKT pathway activation.

LY294002 Counteracted the Anti-Apoptotic Role of 6-OHG

The PI3K/AKT pathway is crucial in regulating apoptosis. Therefore, we investigated the activities of Caspase-3 and —9,
and the expression of Bax and Bcl-2 in the brain tissue. As shown in Figure 9A-D and Figure S2 HH exposure
significantly increased caspase-3 activity by 1.86-fold (95% CI: 1.55 to 2.25), caspase-9 activity by 2.24-fold (95% CI:
1.94 to 2.60), and the Bax/Bcl-2 ratio by 1.57-fold (95% CI: 1.25 to 1.94) compared to the control group (all P < 0.01).
Treatment with 6-OHG reversed these effects, decreasing caspase-3 activity, caspase-9 activity, and Bax/Bcl-2 ratio by
27% (95% CI: 13% to 39%), 39% (95% CI: 24% to 53%), and 33% (95% CI: 19% to 44%), respectively, compared to
the HHBI group (all P<0.01). However, the anti-apoptotic effects of 6-OHG were counteracted by LY294002. In the
LY294002-treated groups, caspase-3 activity, caspase-9 activity, and the Bax/Bcl-2 ratio increased by 1.25-fold (95% CI:
1.07 to 1.49, P<0.05), 1.29-fold (95% CI: 1.04 to 1.69, P<0.05), and 1.55-fold (95% CI: 1.36 to 1.79, P<0.01),
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Figure 9 LY294002 counteracted the anti-apoptosis effect of 6-OHG. (A) Caspase-3 activity. (B) Caspase-9 activity. (C) Representative Western blots of Bax and Bcl-2 in
brain tissue. (D) Quantitative analysis of the Bax/Bcl-2 ratio in brain tissue. Data are presented as mean + SD. n =5 or 6 per group. **P <0.01 vs Con group. **P <0.01 vs
HHBI group. P <0.05, #%P <0.01 vs HHBI + 6-OHG group.

respectively, compared to the 6-OHG group. These results suggest that 6-OHG suppresses HH-induced neuronal
apoptosis, partially by activating the PI3K/AKT signaling pathway.

Discussion

HHBI is a common central nervous system (CNS) disorder encountered at high altitude. Despite its significant impact on
health, the underlying mechanisms of HHBI are still poorly understood, and current therapeutic strategies in clinical
practice are very limited. 6-OHG is a natural flavonoid, that owns anti-inflammatory, antioxidant, and anti-apoptotic
activities and exerts potential neuroprotective effects on HHBIL.'? To further elucidate the mechanism by which 6-OHG
protects against HHBI and to establish a scientific foundation for its potential clinical application, this study system-
atically identified the key pathways through transcriptomics and animal experiments. The present findings provided
substantial evidence that 6-OHG treatment alleviated HHBI by suppressing oxidative stress, neuroinflammation, and
apoptosis via activating the PI3K/AKT signaling pathways.

The PI3K/AKT pathway, which is responsible for the survival, differentiation, proliferation, apoptosis, and metabolism of
neurons, is essential in the brain.'” Its activation is critical for neuroprotection and neuronal survival,'® while its inhibition
contributes to the pathogenesis of HH induced injury, such as cerebral edema,' lung injury,”® myocardial injury*' and
pulmonary hypertension.”? In our previous study, we found that 6-OHG treatment conversed HH induced damage to the
brain." In the current study, a transcriptome analysis was conducted and the results hinted that 6-OHG could regulate the
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levels of genes associated with PI3K/AKT signaling pathway in the brain tissue of mice with HHBI. Previous studies also
indicated that some structurally similar isoflavones, such as genistein,23 daidzein,24 formononetin,25 and biochanin—A,26
exhibited neuroprotective role by triggering the PI3K/AKT signaling pathway. Combined with transcriptome data in the
present study and previous literature, it is speculated that the neuroprotection of 6-OHG against HHBI was attributed to the
activation of PI3K/AKT signaling pathway.

To further investigate the involvement of the PI3K/AKT signaling pathway in 6-OHG-mediated protection against HHBI,
we determined the expressions of p-PI3K and p-AKT, as only the phosphorylated forms of these proteins exhibit full
enzymatic activity.”” Western blot assays revealed that HH significantly downregulated the ratios of p-PI3K/ PI3K and
p-AKT/AKT in brain tissue, indicating inhibition of the PI3K/AKT signaling pathway, which may participate in the
pathogenesis of HHBI. In contrast, 6-OHG treatment considerably increased the ratios of p-PI3K/PI3K and p-AKT/AKT in
brain tissue of mice with HHBI, suggesting that 6-OHG activates the PI3K/AKT signaling pathway. Molecular docking
analysis demonstrated that 6-OHG has a strong binding ability with PI3K and AKT, further supporting its interaction with the
PI3K/AKT pathway. Consistent with our expectations, the activation of this pathway by 6-OHG was effectively counteracted
by LY294002, a well-characterized PI3K inhibitor extensively validated in brain injury models.**** Meanwhile, the
ameliorative effect of 6-OHG on the pathological change of brain tissue caused by HH was also negated by LY294002
treatment. These data indicate that 6-OHG mitigates HHBI via activating the PI3K/AKT signaling pathway.

Extensive evidence has indicated that oxidative stress was the key molecular mechanism underlying HHBI.>*3? Under
HH circumstances, hypoxia disrupts normal oxidative phosphorylation and impairs electron transport chain function, resulting
in mitochondrial dysfunction and the excessive production of reactive oxygen species (ROS), causing an imbalance in redox
equilibrium. Simultaneously, HH stimulation can destroy the antioxidant system, and further aggravate oxidative stress. Our
previous report demonstrated that 6-OHG activates the Nrf2/HO-1 pathway, subsequently inhibiting oxidative stress induced
by HH.'? Nrf2, a downstream target of the PI3K/AKT pathway, has been shown to translocate to the nucleus upon PI3K/AKT
activation, where it induces the expression of antioxidant enzymes. This process helps reduce ROS levels and restore redox
balance.*** In the present study, 6-OHG administration dramatically decreased H,O, and MDA levels while restoring SOD
activity and GSH content, compared with the HHBI group. Nevertheless, the anti-oxidative capacities of 6-OHG were
partially intercepted when the PI3K/AKT pathway was inhibited by LY294002. These data suggest that 6-OHG mitigates HH-
induced oxidative stress in brain tissue via activating the PI3K/AKT signaling pathway.

Inflammation also plays a significant role in mediating HHBL* Our previous study demonstrated that 6-OHG modulates the
NF-kB/NLRP3 pathway, thereby inhibiting inflammation caused by HH."® The PI3K/AKT pathway negatively regulates NF-kB,
reducing neuroinflammation by suppressing the release of pro-inflammatory factors, including TNF-a, IL-1p, and IL-6.>%"
Consistent with previous findings, we also observed that HH induced inflammatory responses, as evidenced by high contents of
TNF-a, IL-1pB, and IL-6, along with low level of IL-10. 6-OHG administration effectively reversed these alterations. Notably, its
anti-inflammatory effects were effectively abrogated by co-treatment with the LY294002, suggesting that 6-OHG mitigates HH-
induced neuroinflammation by stimulating the PI3K/AKT signaling pathway.

The PI3K/AKT signaling pathway is a well-established anti-apoptotic pathway that plays a significant role in recovery
following CNS injury.**>° Upon activation, this pathway modulates apoptosis by regulating key effector molecules, including
Bcl-2 and Bax.*’ Bax, a pro-apoptotic protein, and Bcl-2, an anti-apoptotic protein, are members of the Bcl-2 family, and the
balance between their expression levels is critical in determining cell survival or apoptosis.*! Additionally, caspase-9 acts as an
initiator of apoptosis, while caspase-3 serves as an executioner,*” and their expression levels are indicative of the extent of
apoptosis.”> In addition, mitochondria-endoplasmic reticulum crosstalk also plays a complementary role in apoptotic
regulation.* Consistent with previous research,'? in this study, we also observed that 6-OHG treatment dramatically decreased
Bax expression, lowered the Bax/Bcl-2 ratio, and suppressed the activities of caspase-3 and —9 compared to the HHBI group.
However, these anti-apoptotic effects of 6-OHG were notably blocked by LY294002, suggesting that 6-OHG inhibits neuronal
apoptosis following HH exposure, through stimulation of the PI3K/AKT signaling pathway.

Conclusion
In summary, our study provided evidence that 6-OHG mitigates HHBI by suppressing oxidative stress, neuroinflammation,
and apoptosis through initiation of the PI3K/AKT signaling pathways. These findings not only deepen our knowledge of the
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protective mechanisms of 6-OHG but also offer novel ways for combating HHBI. At the same time, it also enhances the
potential of 6-OHG as a novel drug for treating and preventing HHBI.

There were several limitations in this study. First, the transcriptome data did not reveal significant differences in the
expression of PIK3CA and AKT1, two core genes related to PI3K/AKT signaling pathway, potentially due to the small sample
size and inter-individual variability, which could obscure subtle but biologically relevant mRNA changes. Second,
LY?294002 has been demonstrated to be a valuable pharmacological tool for elucidating drug mechanisms through specific
inhibition of the PI3K/AKT signaling pathway. However, it should be noted that LY294002 may exhibit off-target effects that
complicate the interpretation of results. Therefore, future studies utilizing genetic knockout mouse models would provide
more definitive evidence. Third, we used male mice that are more sensitive to the plateau environment in our study, but this can
lead to gender bias, which may limit the generalizability of our findings to females. Fourth, while the PI3K/AKT signaling
pathway has been proven to take part in mediating the protective effect of 6-OHG in this study, other signaling pathways, such
as MAPK and RAS, may also be involved in the therapeutic efficacy of 6-OHG against HHBI based on the transcriptome data.
Finally, our analysis focused on the whole brain rather than on distinct brain regions, which may exhibit differential response
to HH stimulation. These issues will be resolved in further investigation.
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