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ABSTRACT

Background: This study aims to investigate whether melatonin improves cognitive dysfunction in rats, induced by
intermittent hypoxia, by modulating the PI3K/Akt signaling pathway, using an intermittent hypoxia animal
model.

Methods: Sixty-four male Wistar rats were randomly assigned to the following groups: normoxic control (UC), in-
termittent hypoxia (IH), PI3K inhibitor (PI3K-i), and melatonin intervention (MT), with n = 16 per group. Sub-
groups were distributed across 2-, 4-, 6-, and 8-week time points. Except for the UC group, all other groups under-
went daily 7-hour IH exposure. The MT group and PI3K-i group received intraperitoneal injections of melatonin
(10 mg/kg) or PI3K inhibitor GDC-0084 (20 mg/kg), respectively, prior to exposure. Cognitive function was as-
sessed using the Morris water maze. Immunohistochemistry examined expression of p-PI3K, p-Akt, Nrf2, and
HO-1 in the hippocampal CA1 region. Statistical analysis employed two-way ANOVA with Tukey's post hoc test;
partial > was reported.

Results: Behavioral data showed that the escape latency in the IH group significantly increased with prolonged ex-
posure duration (2W: 21.30 £ 1.23 seconds, 8W: 55.61 + 1.49 seconds), while the percentage of time spent in the
target quadrant decreased (2W: 76.25 £ 1.72%, 8W: 22.76 + 2.73%). The MT group demonstrated superior cogni-
tive performance at all time points compared to the IH group (e.g., escape latency at 4 weeks: 28.74 £ 0.85 seconds
vs. 32.24 + 1.03 seconds, p < 0.05). Protein expression analysis revealed that p-PI3K, p-Akt, Nrf2, and HO-1 ex-
pression in both IH and MT groups exhibited an initial increase followed by a decrease, peaking at 4 weeks (e.g.,
IH group p-PI3K: 2.25 £ 0.09; MT group: 2.73 = 0.05). Protein expression in the MT group was significantly
higher than in the IH group (all p < 0.05), while expression in the PI3K-i group showed no significant difference
from the UC group. Both treatment and time interactions were significant (e.g., p-PI3K: F(9,48) = 189.18, p <
0.001, #°=0.86).

Conclusions: Melatonin may alleviate oxidative stress induced by intermittent hypoxia by regulating the PI3K/
AKT signaling pathway and related antioxidant protein expression, thereby improving cognitive function in rats.
PI3K inhibitors effectively blocked the upregulation of these proteins, whose expression levels showed no signifi-
cant difference overall compared to the untreated group.
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LIST OF ABBREVIATIONS

Akt - Protein kinase B

ANOVA - Analysis of variance

ARRIVE - Animal Research: Reporting of In Vivo Ex-
periments guidelines

CALl - Cornu ammonis area 1 (hippocampal subfield)
CI - Confidence interval

CIH - Chronic intermittent hypoxia

DAB - 3,3’-Diaminobenzidine

DMSO - Dimethyl sulfoxide

HO-1 - Heme oxygenase-1

IH - Intermittent hypoxia

IHC - Immunohistochemistry

MT - Melatonin-treated group

MWM - Morris water maze

Nrf2 - Nuclear factor erythroid 2-related factor 2
OSA/OSAS - Obstructive sleep apnea (syndrome)
PBS - Phosphate-buffered saline

PI3K - Phosphoinositide 3-kinase

p-Akt - Phosphorylated Akt

p-PI3K - Phosphorylated PI3K

QC - Quality control

SD - Standard deviation

UC - Normoxia/room-air control group

INTRODUCTION

Sleep apnea hypopnea syndrome (SAHS) refers to a
clinical syndrome characterized by recurrent episodes of
apnea, hypopnea, and hypercapnia during sleep, leading
to multi-organ dysfunction [1]. It is characterized by re-
current episodes of intermittent hypoxia (IH) during
sleep [2]. Given that brain tissue is most sensitive to is-
chemic and hypoxic injury, intermittent hypoxia causes
the most pronounced damage to brain function, leading
to cognitive impairment and significantly impacting
quality of life [3,4]. Intermittent hypoxia plays a crucial
role in the pathogenesis of cognitive dysfunction in
SAHS patients. Therefore, identifying effective thera-
peutic interventions holds significant scientific value
and societal importance.

Oxidative stress reflects an imbalance between oxida-
tive processes and antioxidant defenses within the body.
Within the antioxidant defense system, activation of the
PI3K/Akt signaling pathway plays a pivotal role in ex-
erting antioxidant effects and inhibiting apoptosis [5,6].
Repeated episodes of hypoxia-reoxygenation can induce
oxidative stress, leading to central nervous system dam-
age and cognitive dysfunction, and prompting the body
to activate the PI3K/Akt signaling pathway.

Melatonin (N-acetyl-5-methoxytryptamine) is an in-
doleamine neuroendocrine hormone initially synthe-
sized by the pineal gland in vertebrates. It exerts signifi-
cant antioxidant activity and suppresses inflammatory
responses within the body, playing a crucial role in neu-
roprotection [7-9]. Furthermore, under certain physio-
logical or pathological conditions, melatonin can inter-
vene in and scavenge endogenous oxygen free radicals,
regulate pro-apoptotic and anti-apoptotic factors, upreg-
ulate anti-apoptotic proteins, and downregulate pro-apo-
ptotic protein expression [10-12]. This study established
an intermittent hypoxia model to investigate the protect-
ive effects of the antioxidant melatonin on intermittent
hypoxia-induced neuronal apoptosis pathways. This
provides a robust theoretical basis for applying melato-
nin intervention in SAHS-related cognitive impairment.

MATERIALS AND METHODS

Laboratory animals

Wistar adult male rats 64 (weight 170 £ 10 g), Animal
License No. SCXK (Beijing) 2016-0002, purchased
from Beijing Viton Lihua Laboratory Animal Science
and Technology Co.

Main instrumentation and reagents

The water maze was purchased from Shanghai Yishu
Information Technology Co., Ltd. (Dr. Rat), GDC-0084
(PI3K/Akt pathway inhibitor) was procured from
Shanghai Lanmu Chemical Co., Ltd., p-PI3K antibody
from Beijing Bio-Ocean Biotechnology Co., Ltd., p-Akt
antibody, Nrf2 antibody, and HO-1 antibody from Cell
Signaling Technology, Inc. (USA), DMSO from Sigma
(USA), primary antibody diluent and secondary anti-
body diluent from Shanghai Yamei Biotechnology Co.,
Ltd., DAB coloring reagent purchased from Beijing
Zhongshan Jinqiao Biotechnology Co., Ltd., PBS
0.01M powder purchased from Beijing Solarbio Tech-
nology Co., Ltd., phosphate buffer purchased from Bei-
jing Zhongshan Jingiao Biotechnology Co., Ltd., 0.01M
sodium citrate buffer purchased from Beijing Solarbio
Technology Co., Ltd., Anhydrous ethanol was pur-
chased from Tianjin Continental Reagent Factory. He-
matoxylin stain was purchased from Zhuhai Beisuo
Biotechnology Co., Ltd. Eosin stain was purchased
from Zhuhai Beisuo Biotechnology Co., Ltd. Neutral
gum was purchased from Shanghai Yiyang Instruments
Co., Ltd. Sodium hydroxide was purchased from Tian-
jin Oubokai Chemical Co., Ltd. Polyformaldehyde was
purchased from Tianjin Oubokai Chemical Co., Ltd.
Chloroform was purchased from Tianjin Oubokai
Chemical Co., Ltd.

Animal grouping and intervention protocol

Using a random number table, 64 rats were randomly
divided into four groups (n = 16 per group). Each group
was then randomly and evenly distributed across four
time points: 2, 4, 6, and 8 weeks (i.e., each treatment-
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time subgroup had n = 4). (See Figure 1| for the animal
grouping and intervention protocol flowchart.) Group-
ing and interventions were as follows: 1) Normal oxy-
gen control group (UC group): Housed in an experi-
mental chamber with continuous compressed air supply,
maintaining chamber oxygen concentration at normal
atmospheric levels (21% + 0.5%). Exposure occurred
daily from 08:00 to 15:00 for 2 - 8 consecutive weeks.
2) Intermittent Hypoxia Group (IH group): Placed in the
experimental chamber daily from 08:00 to 15:00, re-
ceiving intermittent hypoxic exposure. The chamber
oxygen concentration cycled between 5% and 21%,
with each cycle lasting 120 seconds (comprising a 30-
second reduction to 5% maintained for 30 seconds, fol-
lowed by a 30-second restoration to 21% maintained for
30 seconds), for 7 hours daily. 3) PI3K inhibitor group
(PI3K-i group): Thirty minutes prior to intermittent
hypoxic exposure identical to the IH group (daily at
7:30), intraperitoneal injection of the PI3K/Akt pathway
inhibitor GDC-0084. The drug was dissolved and dilut-
ed in physiological saline containing 5% DMSO and
administered at a dose of 20 mg/kg. Injection volume
was adjusted weekly according to body weight. 4) Mel-
atonin group: Thirty minutes prior to the same intermit-
tent hypoxic exposure as the IH group (daily at 7:30),
intraperitoneal injection of melatonin solution (pur-
chased from Sigma, catalogue number M5250), recon-
stituted in physiological saline, administered at a dose
of 10 mg/kg. Injection volume adjusted weekly accord-
ing to body weight.

Control group procedure: Rats in the UC and IH groups
received intraperitoneal injections at the same daily
time point (7:30) of an equal volume of physiological
saline solvent containing 5% DMSO, identical to the
PI3K-i group.

Preparation of Morris Water Maze specimens
Following the respective hypoxia/control exposures,
water maze testing was conducted on the day before
each time point (2, 4, 6, and 8 weeks). Each rat under-
went six trials per day (three morning, three afternoon).
Escape latency and time spent in the target quadrant
were recorded, and the average values were used for
analysis. The experimenter conducting and scoring the
MWM tests was blinded to the group allocation of the
rats.

Tissue sample collection and processing

Following completion of the water maze test, rats were
deeply anesthetized via intraperitoneal injection of 20%
urethane (0.5 mL/100 g). Following cardiac perfusion
with physiological saline and 4% paraformaldehyde, the
intact brain tissue was removed. On ice, hippocampal
tissue was dissected; one portion was fixed in 4% para-
formaldehyde for paraffin embedding and subsequent
sectioning; another portion was rapidly placed in liquid
nitrogen for freezing, then transferred to a -80°C freezer
for storage and subsequent use.
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Hippocampal tissue HE staining

Fixed hippocampal tissue underwent dehydration, clear-
ing, and paraffin embedding prior to serial coronal sec-
tioning (4 pum thickness). Sections were deparaffinized
with xylene, hydrated with graded ethanol solutions,
and subjected to hematoxylin-eosin staining. Following
neutral resin mounting, the morphological structure of
neurons in the hippocampal CAl region was observed
under an optical microscope and photographed.

Immunohistochemical detection

Paraffin sections (4 um) were dewaxed and rehydrated,
then placed in sodium citrate buffer (pH 6.0) for 20
minutes at 95°C for antigen retrieval. Endogenous per-
oxidase was blocked with 3% H,0, for 10 minutes, fol-
lowed by blocking with 5% BSA for 30 minutes. Sec-
tions were incubated overnight at 4°C with the follow-
ing primary antibodies: p-PI3K (Beijing Bio-Ocean
Biotechnology Co., Ltd., Cat. No. bs-5570R, 1:200),
p-Akt (Cell Signaling Technology, Cat. No. 4060,
1:100), Nrf2 (Cell Signaling Technology, Cat. No.
12721, 1:200), HO-1 (Cell Signaling Technology, Cat.
No. 43966, 1:200). The following day, biotinylated goat
anti-rabbit IgG conjugate was added and incubated at
room temperature for 30 minutes. DAB staining was
performed, with nuclei counterstained using hematoxy-
lin. PBS substituted for the primary antibody served as
the negative control. The percentage of positive cells
expressing the target protein in hippocampal tissue was
observed and quantified under a microscope.
Quantification: Images were acquired using an Olympus
optical microscope. For each section, three non-overlap-
ping fields in the hippocampal CA1 region were select-
ed. The percentage of positively stained cells and the
mean optical density (MOD) were measured using
Image-Pro Plus 6.0 software. The average value from
three fields was used for statistical analysis. Inter-rater
reliability was assessed on 20% of sections, with an in-
traclass correlation coefficient (ICC) of 0.91. Image
quantification was performed by an investigator blinded
to group assignments.

Statistical analysis

Statistical analysis was performed using SPSS 22.0 and
JASP 0.18.3 software. Normality of distribution for
quantitative data was confirmed by Shapiro-Wilk tests,
and homogeneity of variance was demonstrated by Le-
vene's tests. Data are presented as mean =+ standard de-
viation (X £ s). Two-way ANOVA assessed the main ef-
fects of "treatment" and "time" and their interaction. Re-
sults included F-values, degrees of freedom, p-values,
and partial effect size n* with 95% confidence intervals.
If interaction was significant, simple effects analysis
was performed, followed by Tukey HSD multiple com-
parison correction. Adjusted p values, mean differences
(MD), and their 95% CIs were reported. For key inter-
group comparisons, Cohen's d was additionally calcu-
lated as a standardized effect size. The significance lev-
el was set at o = 0.05.
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RESULTS

Morris Water Maze memory test results

Positioning navigation test

The results of the two-way ANOVA revealed signifi-
cant main effects of "Treatment" (F(3, 48) = 520.21, p <
0.001, partial #? = 0.96, 95% CI [0.94, 0.97]) and a
main effect of "Time" (F(3, 48) = 387.92, p < 0.001,
partial 72 = 0.94, 95% CI [0.92, 0.96]), and their intera-
ction (F(9, 48) = 464.44, p < 0.001, partial #? = 0.97,
95% CI [0.95, 0.98]) were statistically significant. Sim-
ple effect analysis revealed statistically significant dif-
ferences in escape latency among the four treatment
groups at each intermittent hypoxic exposure time point
2W, 4W, 6W, 8W) (p < 0.001 at all time points). Sub-
sequent Tukey-corrected pairwise comparisons at each
time point revealed that the escape latency in the PI3K-i
group was significantly longer than that in the IH group
at all time points. The escape latency in the IH group
was significantly longer than that in the MT group, and
the escape latency in the MT group was significantly
longer than that in the UC group (all comparisons ad-
justed p < 0.05). Effect size analysis at the 4W time
point showed a Cohen's d = 1.89 (95% CI [1.12, 2.66])
for the escape latency difference between the MT and
IH groups. As intermittent hypoxic exposure duration
extended from 2 to 8 weeks, escape latency progressive-
ly increased in rats from the IH, MT, and PI3K-i groups
(see Table 1).

Spatial exploration experiment

The results of the two-way ANOVA revealed signifi-
cant main effects of “Treatment” (F(3, 48) = 92.15, p <
0.001, partial #2 = 0.85, 95% CI [0.78, 0.90]) and
“Time” (F(3, 48) = 79.02, p < 0.001, partial > = 0.83,
95% CI [0.76, 0.88]), and their interaction (F(9, 48) =
97.21, p < 0.001, partial #2=0.90, 95% CI [0.86, 0.93])
were statistically significant. Simple effects analysis re-
vealed statistically significant differences in the percent-
age of time spent crossing the target quadrant among
the four groups at all time points 2W, 4W, 6W, 8W)
(p < 0.001 at each time point). Tukey-corrected pair-
wise comparisons at each time point revealed that the
percentage in the PI3K inhibitor group was significantly
lower than that in the IH group at all time points, while
the IH group was significantly lower than the MT
group, and the MT group was significantly lower than
the UC group (all comparisons adjusted p < 0.05). At
the 4W time point, the mean difference (MD) between
the MT and IH groups was 6.25% (95% CI [4.88,
7.62]), with Cohen's d = 1.52 (95% CI [0.82, 2.22]). As
intermittent hypoxic exposure duration increased, the
percentage of time spent crossing the target quadrant
gradually decreased in rats from the IH, MT, and PI3K
inhibitor groups (see Table 2).

HE staining of rat hippocampal tissue
HE staining showed that the nerve cells in the normal
group were well arranged and regular in morphology;

with the prolongation of hypoxia, the nerve cells were
gradually loosely arranged, the cytoplasm was sparse,
and the edges of the cells were not clear under the mi-
croscope (see Figure 2).

Immunohistochemical expression changes of pro-
teins related to the PI3K/Akt signaling pathway
Immunohistochemical results of p-PI3K protein in
neurons of the hippocampal CAI region across groups
Light microscopic observation of immunohistochemical
staining revealed that p-PI3K protein expression was
predominantly cytoplasmic in positive cells, appearing
as brownish-yellow or light-yellow granules (see Figure
3).

Immunohistochemical results for p-PI3K protein in
hippocampal CAI neurons of rats

A two-way ANOVA revealed significant main effects
of “Treatment” (F(3, 48) = 134.09, p < 0.001, partial
n? = 0.89, 95% CI [0.85, 0.92]) and “Time” (F(3, 48) =
155.77, p < 0.001, partial n?> = 0.91, 95% CI [0.87,
0.93]) and their interaction (F(9, 48) = 189.18, p <
0.001, partial n? = 0.95, 95% CI [0.93, 0.97]) were sta-
tistically significant. Simple effect analysis revealed
significant differences in p-PI3K expression among the
four groups at all time points 2W, 4W, 6W, 8W; all p <
0.001). Tukey-corrected pairwise comparisons within
each time point revealed that MT group expression lev-
els were significantly higher than IH group at all time
points (e.g., 4W: MD = 0.48, 95% CI [0.41, 0.55],
Cohen's d = 2.67), the IH group was significantly higher
than the PI3K and UC groups, while no significant dif-
ferences were observed between the PI3K-i and UC
groups at any time point (adjusted p > 0.05). With pro-
longed intermittent hypoxia duration, p-PI3K expres-
sion in both the IH and MT groups exhibited an initial
increase followed by a decrease, peaking at 4 weeks. In
contrast, expression levels in the UC and PI3K-i groups
remained stable at all time points (see Table 3).
Immunohistochemical results of p-Akt protein in rat
hippocampal CAI neuronal cells of each group
Immunohistochemical staining under the light micro-
scope showed that the cytoplasm of the p-Akt protein
positive cells was mainly colored with brownish yellow
or light-yellow granules (see Figure 4).

A two-way ANOVA revealed significant main effects
of “Treatment” (F(3, 48) = 134.09, p < 0.001, partial
n?=0.89, 95% CI [0.85, 0.92]) and “Time” (F(3, 48) =
155.77, p < 0.001, partial #? = 0.91, 95% CI [0.87,
0.93]), and interaction (F(9, 48) = 189.18, p < 0.001,
partial #? = 0.95, 95% CI [0.93, 0.97]) were statistically
significant. Simple effect analysis revealed significant
between-group differences at all time points (all p <
0.001). Pairwise comparison trends aligned with p-
PI3K: MT group > IH group > PI3K group = UC group.
At the 4-week time point, the difference in p-Akt ex-
pression between the MT group and the IH group was
MD = 0.54 (95% CI [0.42, 0.66]), with Cohen's d =
1.45 (95% CI [0.76, 2.14]). p-Akt expression in the [H
group peaked at week 4 and subsequently declined,
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Table 1. Comparison of escape latency among groups of rats (x = s, n =4).

Melatonin Effects on PI3K Akt Hypoxic Cognition

Groups 2W 4W 6w 8W
UC group 12.83 +2.24 12.73 £1.69 12.79 +2.58 13.27 £2.85
IH group 21.30+1.232 32.24+1.032 44.63 £2.04 2 55.61 +1.49°?
MT group 17.16 £0.81 »P 28.74 £0.85»P 40.62 £1.41»b 52.65+1.00 P
PI3K-i group 24.61 £1.35 »b¢ 36.14 £ 0.71 ¢ 48.51 £1.31 ¢ 59.20 + 0.81 P

All groups in the table had n = 4 experimental animals at each observation time point. Pairwise comparison results (Tukey-corrected): Com-

pared with the UC group, * p < 0.05; Compared with the IH group, ® p < 0.05; Compared with the MT group, ¢ p < 0.05.

Table 2. Comparison of percentage of time spent crossing the target among groups (x s, n =4).

Groups 2W 4W 6W 8W
UC group 85.08 +2.28 85.33 £2.12 85.08 + 2.04 85.13 + 1.86
IH group 76.25 +£1.72 * 57.42 +£0.77 * 37.75+2.13* 22.76 £2.73 ®
MT group 80.94 +£2.11 »P 63.67 £1.61 P 45.40 = 0.81 &P 27.41 £1.05 »°
PI3K-i group 69.48 +1.24 &M ¢ 52.89 £0.71 &P ¢ 34.48 £ 1.88 ¥ P ¢ 15.47 £ 0.81 > ¢

All groups in the table had n = 4 experimental animals at each observation time point. Pairwise comparison results (Tukey-corrected): Com-

pared with the UC group, * p < 0.05; Compared with the IH group, * p < 0.05; Compared with the MT group,  p < 0.01.

Table 3. Expression of p-PI3K protein in neurons of the hippocampal CA1 region in rats from each group (x s, n = 4).

Groups 2W 4W 6W 8W
UC group 0.78 = 0.09 0.80 = 0.06 0.78 = 0.06 0.75 £ 0.06
IH group 1.70 £ 0.09 # 2.25+0.09 * 1.09 = 0.05 # 1.02 £ 0.18 @
MT group 1.92 +0.03 »P 2.73 £0.05 &P 1.33 £0.02 »" 1.16 £0.12 »?
PI3K-i group 0.70 £ 0.13 & P-¢ 0.78 £ 0.20 * b ¢ 0.75 £ 0.02 ®b¢ 0.75 £ 0.11 > b ¢

All groups in the table had n = 4 experimental animals at each observation time point. Pairwise comparison results (Tukey-corrected): Com-

pared with the UC group, * p < 0.05; Compared with the IH group, * p < 0.05; Compared with the MT group, ¢ p < 0.05.

Table 4. p-Akt protein expression in immunohistochemical neurons of the hippocampal CA1 region in each group of rats (x +

s,n=4).
Groups 2W 4W 6w 8W
UC group 0.97 £ 0.05 0.97 £ 0.06 0.99 + 0.05 0.99 + 0.06
IH group 1.52+0.13 2 2.14 £ 0.04 2 1.67 £ 0.05 2 1.21 £0.04 2
MT group 1.83 £ 0.04 »P 2.68 +0.22 &P 1.75 £ 0.07 P 1.39 £ 0.03 »°
PI3K-i group 1.10 £ 0.11 &b ¢ 1.16 £ 0.05 b ¢ 1.13 £0.03 »P-¢ 1.11 £ 0.09 &> ¢

All groups in the table had n = 4 experimental animals at each observation time point. Pairwise comparison results (Tukey-corrected): Com-

pared with the UC group, * p < 0.05; Compared with the ITH group, * p < 0.05; Compared with the MT group, © p < 0.05.
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Table 5. Immunohistochemical expression of Nrf2 protein in hippocampal CA1 neurons of rats across groups (X = s, n =4).

Groups 2W 4W 6W 8W
UC group 0.94 + 0.11 0.94 + 0.07 0.94 +0.12 0.98 £ 0.10
IH group 2.65 +0.06 3.32+0.07 2.15+0.03 2 1.65 + 0.06 @
MT group 2.79 +0.07 &P 3.65+0.08 P 2.27 +£0.05 P 1.86 £ 0.03 »"
PI3K-i group 2.49 +0.05 b c 3.11 £0.09 ¢ 1.97 £ 0.06 > ¢ 1.35 £ 0.06 ¢

All groups in the table had n = 4 experimental animals at each observation time point. Pairwise comparison results (Tukey-corrected): Com-

pared with the UC group, * p < 0.05; Compared with the IH group, ® p < 0.05; Compared with the MT group, ¢ p < 0.05.

Table 6. Expression of HO-1 protein in immunohistochemical neurons of the hippocampal CA1 region in rats from each group

(x£s,n=4).
Groups 2W 4W 6W SW
UC group 1.02 £ 0.13 1.03 £ 0.13 1.02 £ 0.11 1.04 £ 0.11
IH group 3.46 +0.04 * 4.11 £0.05* 2.75+0.06 * 1.78 £ 0.15 2
MT group 3.65 £ 0.05 »° 4.28 +0.07 &P 3.07 £0.02 »P 2.54+0.10 »°
PI3K-i group 3.18 £ 0.06 > ¢ 3.92 £0.13 &b ¢ 2.89 £0.03 &P 1.47 £ 0.07 > ¢

All groups in the table had n = 4 experimental animals at each observation time point. Pairwise comparison results (Tukey-corrected): Com-
pared with the UC group, * p < 0.05; Compared with the IH group, * p < 0.05; Compared with the MT group, ¢ p < 0.05.

whereas no significant temporal fluctuations were ob-
served in the UC or PI3K-i groups (see Table 4).
Immunohistochemical results of Nrf2 protein in rat
hippocampal CAI neuronal cells in each group
Immunohistochemical staining under the light micro-
scope showed that Nrf2 protein-positive cells were
mainly cytoplasmic, with brownish-yellow or light-yel-
low granules (see Figure 5).

The results of the two-way ANOVA revealed signifi-
cant main effects of “Treatment” (F(3, 48) = 299.37,
p < 0.001, partial #? = 0.95, 95% CI [0.93, 0.97]) and
“Time” (F(3, 48) = 92.40, p < 0.001, partial %= 0.85,
95% CI [0.79, 0.89]), and interaction (F(9, 48) =
107.81, p < 0.001, partial #? = 0.91, 95% CI [0.88,
0.94]) were statistically significant. Simple effect analy-
sis confirmed significant between-group differences at
all time points (all p < 0.001). Tukey-corrected pairwise
comparisons within each time point revealed: MT group
> TH group > PI3K-i group > UC group (all adjusted p <
0.05). At the peak time point (4W), the difference in
Nrf2 expression between the MT and IH groups was
MD = 0.33 (95% CI [0.28, 0.38]), Cohen's d = 1.65
(95% CI [0.94, 2.36]). Nrf2 expression in the IH, MT,
and PI3K-i groups showed an initial increase followed
by a decrease, peaking at 4 weeks. Expression in the UC
group showed no temporal variation (see Table 5).
Immunohistochemical results of HO-1 protein in rat
hippocampal CAI neuronal cells of various groups
Immunohistochemical staining under the light micro-
scope showed that the cytoplasm of HO-1 protein-posi-

tive cells was mainly colored with brown-yellow or
light-yellow granules (see Figure 6).
Immunohistochemical results of HO-1 protein in rat
hippocampal CAl region nerve cells

Two-way ANOVA revealed significant main effects of
“Treatment” (F(3, 48) = 140.94, p < 0.001, partial n? =
0.90, 95% CI [0.86, 0.93]) and “Time” (F(3, 48) =
90.99, p <0.001, partial n* = 0.85, 95% CI [0.79, 0.89]),
and interaction (F(9, 48) = 115.80, p < 0.001, partial
n? = 0.90, 95% CI [0.86, 0.93]). Simple effect analysis
revealed significant intergroup differences at all time
points (all p < 0.001). Tukey-corrected pairwise com-
parisons showed a trend consistent with Nrf2: MT
group > IH group > PI3K-i group > UC group (all com-
parisons adjusted p < 0.05). At the 4W time point, the
difference in HO-1 expression between the MT and IH
groups was MD = 0.17 (95% CI [0.12, 0.22]), Cohen’s
d =0.95 (95% CI [0.31, 1.59]). HO-1 expression levels
peaked at 4 weeks in the IH, MT, and PI3K-i groups be-
fore declining; expression remained stable in the UC
group (see Table 6).

The results above indicate that intermittent hypoxia dy-
namically regulates the expression of key proteins in the
PI3K/Akt signaling pathway (p-PI3K, p-Akt) and their
downstream antioxidant proteins (Nrf2, HO-1) in the
hippocampal CA1 region, with expression peaking at 4
weeks of exposure. Melatonin intervention further en-
hances the expression of these proteins, while the PI3K/
Akt pathway inhibitor GDC-0084 effectively blocks the
upregulation of these proteins induced by intermittent
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Figure 1. Flow chart of animal grouping and intervention protocols.

A total of 64 rats were randomly allocated into four groups (n = 16 per group) via a random number table method. Each group was further
equally divided into four time points (2, 4, 6, and 8 weeks, n = 4 per subgroup). Corresponding interventions were administered daily for the
designated duration. UC: normoxia control, IH: intermittent hypoxia, PI3K-i: PI3K inhibitor, Mel: melatonin, i.p.: intraperitoneal injection,
h/d: hours per day.
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Figure 2. Hematoxylin and eosin (HE) staining of the hippocampal CA1 region in intermittent hypoxia-exposed rats (4 pm).
A, B: Control group, C: IH 2W group, D: IH 4W group, E: IH 6W group, F: IH 8W group.
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Figure 3. Expression of p-PI3K protein in hippocampal CA1 neurons of rats in each group (immunohistochemistry, 4 pm)

UC group 4W

IH group 4W MT group 4W

P13K-I group 4W
Figure 4. Expression of p-Akt protein in hippocampal CA1 neurons of rats across groups (immunohistochemistry, 4 pm).
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Figure 5. Expression of Nrf2 protein in hippocampal CA1 neurons of rats in each group (immunohistochemistry, 4 pm).

UC group 4W IH group 4W

MT group 4W P13K-I group 4W

Figure 6. Expression of HO-1 protein in hippocampal CA1 neurons of rats in each group (immunohistochemistry, 4 pm).

hypoxia and melatonin.

DISCUSSION

Sleep-disordered breathing-associated cognitive impair-
ment is a significant complication affecting patients'
quality of life. The core pathophysiological mechanism
by which chronic intermittent hypoxia (IH) leads to hip-
pocampal damage remains to be fully elucidated [13,
14]. This study established an IH rat model and demon-
strated that melatonin alleviates IH-induced progressive
impairment in spatial learning and memory by activat-
ing the PI3K/Akt/Nrf2 signaling axis. Key findings in-
clude: 1) TH caused progressive cognitive decline in
rats, accompanied by a dynamic pattern in the hippo-
campal CAl region: initial induction (peaking at 4
weeks) followed by depletion of PI3K/Akt pathway and
downstream Nrf2/HO-1 antioxidant protein expression;
2) Melatonin intervention significantly improved behav-
ioral deficits while enhancing and sustaining expression
of these pathway proteins; 3) Treatment with the PI3K/
Akt inhibitor GDC-0084 completely blocked melato-
nin's protective effects and exacerbated injury, provid-
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ing reverse validation of this pathway's critical mediat-
ing role.

Progressive cognitive impairment induced by inter-
mittent hypoxia and the mitigating effects of melato-
nin

Research on intermittent hypoxia-induced cognitive im-
pairment has garnered significant attention, with studies
demonstrating that intermittent hypoxia can disrupt neu-
ronal cells and neural signaling pathways, leading to
cognitive decline [15,16]. The hippocampus plays a cru-
cial role in long-term memory formation. This study
employed the Morris water maze, a classic paradigm for
assessing hippocampus-dependent spatial memory. Re-
sults clearly demonstrated that rats exhibited prolonged
escape latency and reduced target quadrant exploration
time starting from 2 weeks of IH exposure, with impair-
ment severity increasing with prolonged exposure dura-
tion. This precisely mimics the cumulative cognitive
damage observed in the clinical course of SAHS and
suggests that hippocampal neurons become vulnerable
targets early in IH exposure. Notably, melatonin treat-
ment consistently mitigated this impairment throughout
the 8-week observation period, with significantly supe-
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rior behavioral performance compared to the IH group
at all time points. These findings provide direct preclini-
cal evidence that melatonin ameliorates SAHS-related
cognitive dysfunction.

Dynamic response and exhaustion of the PI3K/Akt/
Nrf2 signaling axis under intermittent hypoxia stress
The body has developed a complex antioxidant defense
system against oxidative stress, encompassing mecha-
nisms such as defense, protection against oxidative
damage, clearance of oxygen free radicals, elimination
of H20-, removal of superoxide anion radicals, mainte-
nance of cellular redox balance, and prevention of oxi-
dative injury. Numerous studies have demonstrated that
the PI3K/Akt signaling pathway plays a crucial protect-
ive role in cerebral hypoxic-ischemic injury [17]. We
further explored the molecular mechanisms underlying
behavioral phenotypes. This study revealed that the ex-
pression of phosphorylated PI3K, Akt, and their down-
stream transcription factor Nrf2, as well as the antioxi-
dant enzyme HO-1, in the hippocampal CA1 region ex-
hibited a consistent "initial increase followed by de-
crease" trend in both IH and MT groups, peaking at 4
weeks. This dynamic pattern carries profound patho-
physiological implications: during early IH stress, cells
may activate endogenous protective programs by engag-
ing the PI3K/Akt pathway. Activated Akt promotes
nuclear translocation of Nrf2, which in turn upregulates
phase II antioxidant enzymes like HO-1, collectively
forming a defense system against oxidative stress. How-
ever, as [H persists (6 - 8 weeks), this compensatory ac-
tivation may fail to counteract sustained oxidative dam-
age, leading to pathway exhaustion and collapse of anti-
oxidant defenses - a timeline consistent with progres-
sive cognitive decline. Our findings provide protein-lev-
el evidence supporting the hypothesis that "IH ultimate-
ly exhausts antioxidant compensatory mechanisms".

Core mechanism of melatonin's neuroprotective ac-
tion: activation and maintenance of PI3K/Akt/Nrf2
pathway activity

Melatonin is renowned for its potent free radical scav-
enging capacity and indirect antioxidant properties [18-
20]. One of the most significant findings of this study is
the identification of the PI3K/Akt pathway as the cen-
tral hub for melatonin's neuroprotective effects. Com-
pared to the IH group, melatonin intervention further
elevated peak expression levels of p-PI3K, p-Akt, Nrf2,
and HO-1, while also delaying their subsequent decline.
More critically, the specific inhibitor GDC-0084 not
only completely blocked melatonin's cognitive-enhanc-
ing effects but also worsened behavioral and molecular
indicators to levels below those of the TH-only group.
This gain-of-function/loss-of-function experimental de-
sign powerfully demonstrates that melatonin's benefits
are largely dependent on its activation of the PI3K/Akt
pathway.

Melatonin integrates multi-level protective effects
through this pathway: 1) At the antioxidant level, it en-
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hances Nrf2 stability and transcriptional activity via
Akt, systematically upregulating endogenous antioxi-
dant defense networks such as HO-1 [19]; 2) At the
anti-apoptotic level, Akt phosphorylates and inhibits
pro-apoptotic factors like Bad and Caspase-9, promot-
ing neuronal survival [21,22]. The protective effect of
melatonin on hippocampal neuronal morphology ob-
served in this study results from its synergistic anti-oxi-
dative stress and anti-apoptotic actions. Furthermore, re-
cent research suggests that the antioxidant network
formed by melatonin and its metabolites may contribute
to its long-lasting effects [23], providing new directions
for future studies.

Research limitations and future directions

This study has several limitations. First, the intermittent
hypoxia model primarily mimics chronic hypoxia and
does not fully capture other clinical features of sleep ap-
nea syndrome (such as sleep fragmentation). Second,
the study did not directly validate molecular regulatory
relationships upstream or downstream of the pathway
nor explore other critical mechanisms like neuroinflam-
mation. Third, the sample size per time point was rel-
atively small (n = 4), which may limit statistical power.
Additionally, while outcome assessment was blinded,
the administration of interventions could not be fully
blinded. The study was conducted only in male rats,
limiting generalizability to females. Finally, the con-
trolled chamber model may not fully replicate the com-
plexity of human OSA.

Therefore, future research should develop more inte-
grated animal models and employ techniques like genet-
ic manipulation to directly validate pathway mecha-
nisms at the molecular level. Concurrently, multi-omics
approaches should be used to systematically reveal mel-
atonin's functional networks.

Expanding sample sizes and conducting multidimen-
sional behavioral assessments will ultimately facilitate
clinical translation through dose optimization and com-
bination therapy studies.

CONCLUSION

In summary, this study reveals a key mechanism by
which chronic intermittent hypoxia impairs cognitive
function: the dynamic imbalance and depletion of the
endogenous protective axis PI3K/Akt/Nrf2. Further-
more, we demonstrated in the SAHS model that melato-
nin effectively mitigates hippocampal injury and cogni-
tive decline by targeting, activating, and sustaining this
pathway. This provides crucial theoretical and experi-
mental foundations for developing melatonin or its de-
rivatives targeting the PI3K/Akt/Nrf2 axis as adjunctive
therapeutic strategies for SAHS-related cognitive im-
pairment.
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