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Abstract: Obstructive sleep apnea syndrome (OSAS) is characterized by cycles of decreased blood
oxygen saturation followed by reoxygenation due to transient apnea. Cognitive dysfunction is a
complication of OSAS, but its mechanisms remain unclear. 8-week-old C57BL/6] mice were exposed
to intermittent hypoxia (IH) to model OSAS, and cognitive function and hippocampal gene
expression were analyzed. Three groups were maintained for 28 days: IH group (oxygen alternating
between 10-21% in 2-minute cycles, 8 hours/day), sustained hypoxia group (SH) (10% oxygen, 8
hours/day), and control group (21% oxygen). Behavioral tests and RNA sequencing (RNA-seq)
analysis was performed. While Y-maze test results showed no differences, the IH group
demonstrated impaired memory and learning in passive avoidance tests compared to control and SH
groups. RNA-seq revealed specific changes in learning/memory-related genes and oxidative stress
response genes in the IH group. RT-qPCR showed decreased Lars2, Hmcn1, and Vstm2l expression in
the IH group. Pathway analysis showed the suppression of the KEAP1-NFE2L2 antioxidant pathway
in the IH group vs. SH group. Our findings demonstrate that IH may cause cognitive dysfunction
through oxidative stress and suppressed antioxidant defenses. IH-specific downregulation of Lars2,
Hmenl, and Vstm2l may contribute to OSAS-related cognitive impairment.

Keywords: obstructive sleep apnea syndrome; intermittent hypoxia; cognitive dysfunction;
hippocampus; gene expression
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1. Introduction

Obstructive sleep apnea syndrome (OSAS) is the most common sleep-related breathing disorder,
with a prevalence of 13-33% in men and 6-19% in women [1], affecting approximately 1 billion people
worldwide [2]. The fundamental pathophysiological feature of OSAS is recurrent upper airway
obstruction during sleep, leading to cycles of hypoxia followed by reoxygenation [3].

OSAS presents diverse clinical manifestations, including snoring, excessive daytime sleepiness,
and choking sensations during sleep. OSAS significantly affects multiple organ systems and increases
the risk of hypertension [4], type 2 diabetes [5], and cardiovascular diseases [6]. Among these
complications, cognitive dysfunction has emerged as an important complication of OSAS [7]. Patients
with OSAS experience impaired attention, memory deficits, learning difficulties, and executive
dysfunction [8,9]. Moreover, OSAS has been associated with increased risk of mild cognitive
impairment and dementia [10].

The hippocampus plays a central role in memory formation and consolidation. Neuroimaging
studies have revealed hippocampal atrophy in OSAS patients, correlating with decreased memory
and learning functions [11]. At the cellular level, OSAS impairs synaptic plasticity in the hippocampal
CA1 region and reduces neuronal numbers in both CAl and CA3 regions [12,13]. However, the
precise molecular mechanisms underlying OSAS-induced cognitive dysfunction remain poorly
understood.

Intermittent hypoxia (IH) is a core pathophysiological condition in OSAS. In mouse IH models,
cycling oxygen concentrations are used to reproduce hypoxia-reoxygenation cycles that mimic OSAS.
Mice exposed to IH have shown impairments in spatial cognition, working memory, and learning in
behavioral tests such as the Morris water maze test [14], Y-maze test [15], and passive avoidance test
[16]. These cognitive dysfunctions involve not only decreased oxygen utilization due to hypoxia but
also oxidative stress resulting from increased production of reactive oxygen species (ROS) during
reoxygenation [17-19].

While IH-induced cognitive dysfunction has been demonstrated, studies that distinguish and
evaluate the effects of hypoxia and reoxygenation in IH are limited, and the precise roles of specific
genes and molecular pathways that cause cognitive dysfunction in the hippocampus remain unclear.
In this study, we compared IH and sustained hypoxia (SH) groups to investigate the differential
effects of reoxygenation on cognitive function and hippocampal gene expression, aiming to elucidate
the molecular mechanisms underlying OSAS-related cognitive dysfunction.

2. Results

2.1. Y-maze Test and Passive Avoidance Test

Figure 1A shows the alternation rate in the Y-maze test. One-way analysis of variance showed
no statistically significant effect of exposure conditions (F(2,46) = 1.460, P = 0.243). Figure 1B shows
the proportion of mice that reached 300 seconds without entering the dark side of the chamber on
day 2 of the passive avoidance test. A chi-square test among the three groups revealed statistically
significant differences between groups (x(2) = 10.719, P = 0.005). Pairwise comparisons using chi-
square tests with Bonferroni correction showed that the IH group had a significantly lower
proportion of mice reaching 300 seconds compared to both the control group (x?(1) =8.760, corrected
P=0.009) and the SH group (x?(1) = 8.429, corrected P =0.011). No significant difference was observed
between the control and SH groups (x?(1) = 0.139, P =0.710).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2250.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2025 d0i:10.20944/preprints202506.2250.v1

3 of 19

fed
100+ | |
1001 *
: I S | |

—_ ! 9]

x 75 s g $ 801
== 8 : . o
Q e . =
© ' B N

= 50 . T - £ 60
] $ . o]
(1v] ! ® o o
e : 5
o : : 5
Z 25 o
-
e
Q
0- L |

Control IH SH O ontrol  IH _ SH
(A) (B)

Figure 1. Behavioral test results. (A) Alternation rate in the Y-maze test. No statistically significant differences
were observed among the control, IH, and SH groups (F(2,46) = 1.460, P = 0.243). (B) Percentage of mice with
dark chamber entry latency > 300 seconds in the passive avoidance test. The IH group showed a significantly
lower percentage compared to the control group (* P = 0.009, Bonferroni-corrected). The IH group also showed
a significantly lower percentage compared to the SH group (# P = 0.011, Bonferroni-corrected). No significant
difference was observed between the control and SH groups (x3(1) =0.139, P=0.710). Data are presented as mean
+ standard error (A; Control: n =17, IH: n = 15, SH: n = 17) or as percentage (B; Control: n =38, IH: n=16, SH: n
= 17). Statistical significance was set at P < 0.05. * P < 0.05, IH vs. control; # P < 0.05, IH vs. SH. IH, intermittent
hypoxia; SH, sustained hypoxia.

2.2. Comparisons of differentially expressed genes (DEGs)

To investigate the effects of IH and SH on gene expression in the mouse hippocampus, RNA
sequencing (RNA-seq) was performed. Volcano plots of DEGs are shown in Figure 2A-C. Compared
to the control group, the IH group showed 170 downregulated and 46 upregulated genes, while the
SH group showed 151 downregulated and 44 upregulated genes. Direct comparison between IH and
SH groups revealed 37 downregulated and 19 upregulated genes in the IH group relative to the SH
group. The top 50 DEGs in each comparison, ranked by absolute log: fold change (FC) magnitude,
are shown in Tables 2A, B, and C.

Figure 2D shows a Venn diagram of the DEGs. Venn diagram analysis revealed that 73 genes
were shared between IH/control and SH/control comparisons, including PknoxI and KIf2. Sixteen
genes were shared between IH/control and IH/SH comparisons, including Adrb1. Twelve genes were
shared between IH/SH and SH/control comparisons, including Dbi. Two genes (Cebpb and Gng13)
were common to all three comparisons.
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Figure 2. Differentially expressed genes (DEGs) analysis (Control: n =4, IH and SH: n =5 each). (A, B, C) Volcano
plots showing gene expression changes between different oxygen exposure conditions. (A) IH vs. control, (B)
SH vs. control, (C) IH vs. SH. The X-axis shows logz fold change (FC); the Y-axis shows -logio (P-value). Red dots
represent DEGs. Statistical significance was set at |log2 (FC)| > 0.58 and -logio (P) > 1.3. (D) Venn diagram of

DEGs among the three comparisons. Seventy-three genes were shared between IH vs. control and SH vs. control

comparisons, sixteen genes between IH vs. control and IH vs. SH comparisons, and twelve genes between IH

vs. SH and SH vs. control comparisons. Two genes were common to all three comparisons. IH, intermittent

hypoxia; SH, sustained hypoxia.

Table 1. Probes used for RT-qPCR analysis

Gene

Forward Primer

Reverse Primer

Probe Sequence

Adrbl

Basp1

Cebpb

Dbi

5'-
GTTTACTCAAGACCGA
AAGCAG-3'

5.
CCTTTGCTGAGCGACC
A-3'

5.
GTTTCGGGACTTGATGC
AATC-3'

5'-
CATCTACAGTCACTTCA
AACAAGC-3'

5.
CACTCTCCCAACTCCTCC
TAA-3'

5.
AGCTTGCCTCCCATCTTG-
3

5.
CCGCAGGAACATCTTTA
AGTGA-3'

5.
ACATAGGTCTTCATGGCA
CTT-3'

5'-/56-
FAM/ATGCAAAGC/ZEN/CCACAGATCTA
TCGAATCA/3IABKFQ/-3'

5'-/56-
FAM/TGAGCGCGG/ZEN/TGCCTCCAA/3IA
BKFQ/-3'

5'-/56-
FAM/ACACGGGAC/ZEN/TGACGCAACAC
A/3IABKFQ/-3'

5'-/56-
FAM/ACTCGTGGA/ZEN/ACAAGCTGAAA
GGAC/3IABKFQ/-3'
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Foxo6

Hifx

Hmenl

Hspab

Ism1

Kif2

Lars2

Manf

Nov

Phc3

Pknox1

Rasllla

Rps21

Rps27

5'_
AGGATAAAGCGACAGC
AAC-3

5'_
CAGGAAGGTGGCATGG
TT-3

5'_
AGTAAGCACTACAGCC
TTCAAG-3'

5'_
AGAGTTCTTCAATGGC
AAGGAG-3'

5'-
GATGACAGCAACTTCC
TCAGT-3'

5'_
GCAAGACCTACACCAA
GAGC-3'

5'_
GTTCTATGCACGATTCC
TCAGT-3

5'_
TCACATTTTCACCAGCC
ACTA-3'

5'_
AGATGAGACCCTGTGA
CCAG-3'

5'-
GCCTTCATCCATTCTTT
GCC-3'

5
CTGTTCTTAGATGTTTG
CTCGTC-3'

5'_
CGACTACGAACCCAAC
ACAG-3'

5'-
GAACGTGGCCGAGGTT
G3'

5'-
AGTTCTCCTCGCTCGCA
_3'

5'-
CACCATGAACTCTTGCCA
GT-3

5'_
TGCAGTAGCGTATCGTTC
TG-3

5'_
GCACGTCATAGAGGTAG
AACTG-3'

5'-
ATCAAGCAGTACCAGAT
CACC-3'

5'-
AGACAGACCAGAGACTC
CAAT-3'

5'_
CTTCCAGCCGCATCCTTC-
3

5'_
ATGGAAGGCGGAATGTC
TG-3'

5'_
CTTCGACACCTCATTGAT
GATCT-3'

5'_
AAATGACCCCATCGAAC
ACA-3'

5'-
GCTTCATGTTCATTGCAC
TCAT-3'

5=
GTCCACTTCAGACATCAG
ATCA-3'

5'_
AGAGAATCCACCATTTG
ACTGAG-3'

5'-
AGACAATTCCATCAGCCT
TAGC-3'

5'-
CCGTGGTGATTTATAGCA
TCC-3'

5 of 19

5'-/56-
FAM/AGAACTCCA/ZEN/TTCGGCACAAC
CTGT/3IABKFQ/-3'

5'-/56~
FAM/AGCGCCCGG/ZEN/ATAGAGTACTT
GAGG/3IABKFQ/-3'

5'-/56~
FAM/CCACCGAAT/ZEN/ATGGACAACGC
AATGG/3IABKFQ/-3'

5'-/56-
FAM/ACAGCGGCA/ZEN/CCATAGGCTAC
AG/3IABKFQY/-3'

5'-/56-
FAM/AGAGCAGCC/ZEN/AGAGTATGATT
CCACAGA/3IABKFQ/-3'

5'-/56~
FAM/TGCGTACAC/ZEN/ACACAGGTGAG
AAGC/3IABKFQ/-3'

5'-/56~
FAM/AAGGTTCCC/ZEN/TGTGCTTCACCA
TCTT/3IABKFQ/-3'

5'-/56-
FAM/ACCGATTCT/ZEN/CTTTGCCTCTTG
CTTCA/3IABKFQ/-3'

5'-/56-
FAM/CGCAGACCC/ZEN/CAACAACCAGA
CT/3IABKFQY/-3'

5'-/56-
FAM/CCCTGAACT/ZEN/CATCTGCAACGT
CCTG/3IABKFQ/-3'

5'-/56-
FAM/TGCACGGCT/ZEN/CTGTTCTTCCAG
G/3IABKFQ/-3'

5'-/56-
FAM/ATAGCTGGT/ZEN/CCCCCTCCACAT
AGA/3IABKFQ/-3'

5'-/56-
FAM/TCATCTGAC/ZEN/TCGCCCATCCTG
C/3IABKFQ/-3'

5'-/56-
FAM/CCAGGCGCT/ZEN/TTTTCTTGTGTTT
CCT/3IABKFQ/-3'
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sdpi1

Sod3

Trem2

Trpc6

Vstm2l

Gapdh

5'_
TCGCCGCTATCCAACA
AC-3'

5'-
GGCAACTCAGAGGCTC
TTC-3

5'_
GACCTCTCCACCAGTTT
CTC-3'

5'_
CTGGCTCTCATATACTG
GTGTG-3'

5'-
ACTACCTGGCACTTTTC
CTG-3'

5'_
AATGGTGAAGGICGGT
GTG-3'

5'-
CCCAGAACATCGGACTG
TC-3'

5'-
GTAGCAAGCCGTAGAAC
AAGA-3

5'-
GCTTCAAGGCGTCATAA
GTACA-3'

5'-
TCAGCTGCATTCATGACG
AG-3'

5'-
ATCTCTACATCCTCGCCT
GT-3'

5'_
GTGGAGTCATACTGGAA
CATGTAG-3'

6 of 19

5'-/56-
FAM/TCATCACCC/ZEN/TCACCGTCTTCC
C/3IABKFQ/-3'

5'-/56-
FAM/TTTCCCTCT/ZEN/GGTGAAGTTCAG
GCC/3IABKFQ/-3'

5'-/56-
FAM/TCCCAAGCC/ZEN/CTCAACACCAC
G/3IABKFQ/-3'

5'-/56-
FAM/AGGAGGCTG/ZEN/CGTGTGCTACA
AA/3IABKFQY/-3'

5'-/56-
FAM/CCGGACACG/ZEN/CACTCTTCACA
GA/3IABKFQY/-3'

5'-/56~
FAM/TGCAAATGG/ZEN/CAGCCCTGGTG/
3IABKFQ/-3'

Table 2. The top 50 DEGs in each comparison, ranked by absolute log: FC magnitude.

d0i:10.20944/preprints202506.2250.v1

IH/Contorl SH/Control IH/SH

Gene log:FC  P-Value Gene log:FC  P-Value Gene logzFC  P-Value

Cebpb -1.993  6.666E-06 Phc3 1.843 5.262E-07 Phc3 -1.545  1.708E-03
Fos -1.644  5.295E-04 Gngl3 -1.726  7.609E-05 Cebpb -1.373  1.165E-05
Plin4 1.441 3.014E-03 Npas4 -1.492  3.315E-04 H3c14 -1.317  1.381E-02
Npas4 -1.349  9.500E-03 Cysrtl -1.346  2.177E-05 Map3k6 1.086 7.855E-03
C2cd4b -1.296  2.150E-04 Plin4 1.323 9.619E-04 Hspbl 1.009 1.044E-03
Rps27rt -1.249  3471E-02 Egrd -1.295  2.606E-03 Dynlt1f -0.929  1.321E-03
Hmenl -1.209  6.247E-03 Pcdhall -1.290  5.937E-03 Gngl3 0.901 2.744E-03
Cysrtl -1.201  3.383E-04 Ankubl 1.182 1.129E-03 Rpl17-ps8 -0.895  4.822E-04
HIf10 -1.195  6.248E-07 C2cd4b -1.181  9.489E-04 Rpl39 -0.886  2.877E-05
Hbb-bt -1.187  1.340E-02 Enho -1.174  4.272E-05 Snurf -0.857  8.045E-03
Arc -1.181  1.848E-02 ler2 -1.145  8.485E-04 Moap1 0.856 3.136E-02
Pknox1 1.181 2.139E-03 Junb -1.114  5.181E-04 Phosphol 0.844 2.287E-03
Junb -1.172 1.515E-04 Fos -1.104  2.005E-04 Gnpnatl -0.836  4.827E-02
Egr2 -1.153  3.605E-02 Gm1673 -1.103  1.217E-03 Rps21 -0.788  1.248E-05
Btg2 -1.121  5.394E-04 Slc18a2 1.093 3.518E-03 Tnfsf10 -0.766  1.568E-02
Pla2g4e -1.115  4.045E-03 Btg2 -1.093  1.799E-04 Hspalb 0.759 1.929E-03
Egr4 -1.107  2.171E-03 Zic4 1.084 4.950E-02 Gm13304 -0.740  1.380E-02
Sdf2i1 1.067 7.463E-04 Inhba 1.064 1.554E-03 Gm13306 -0.740  1.525E-02
Slc18a2 1.062 6.197E-03 Gm44126  1.060 1.597E-02 Rpl17 -0.738  1.073E-02
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Adrbl -1.055 6.714E-05 Arc -1.047  2.575E-02 Gm10591 -0.737  6.057E-03
Tmem238  -1.049 2.205E-04 Pknox1 1.016 4.399E-03 Ccl21b -0.736 1.243E-02
Ier2 -1.042  2.628E-03 Mipl52 -1.010  5.217E-07 Gm20498 -0.724  5.646E-03
Duspl -1.038 8.774E-04 Rasl1la -1.005  4.835E-04 Hmgcs2 -0.716 7.510E-04
Rasl1la -1.031 9.329E-04 Pcsk1n -0.990 1.870E-05 Rnasek 0.704 4.290E-02
Ism1 -1.025 1.550E-03 Tmem238 -0.987  8.084E-04 Dest1 -0.701 4.809E-02
Vstm2l -1.021 6.329E-06 Wnt9a -0.979 1.821E-03 Pcdha3 -0.699  2.567E-03
Ankubl 1.004 3.126E-02 Tnfaip6 0.965 1.090E-02 U2af114 -0.698 1.711E-02
Zfp708 0.990 1.405E-02 Oxld1 -0.963 1.739E-02 Hexim?2 0.687 1.335E-03
Tuscl -0.989 3.795E-03 Dnah12 0.938 2.121E-02 Gstp-ps -0.665 2.933E-03
Adamts16  -0.983 6.563E-03 Apoldl -0.928  4.507E-02 2300009A05Rik  0.664 3.020E-02
Inhba 0.980 1.889E-03 Mrpl54 -0.926  8.988E-04 Itm2a -0.657  9.970E-06
Lamc2 0.973 4.439E-02 Prrgl 0.919 5.807E-03 Adrbl -0.657  8.013E-04
Pcdhgb5 -0.961 1.859E-02 Phosphol ~ -0918  3.473E-03 Lfng 0.654 2.993E-03
Igschfp -0.955  2.146E-02 Gm2423 -0.911 9.762E-04 Dbi 0.654 4.166E-05
Ccl21b -0.955 2.696E-03 5100a13 -0.910 1.517E-04 Rps28 -0.648  5.831E-04
Peg10 0.935 1.883E-02 Rps29 -0.896  2.184E-04 Scrgl -0.642  2.020E-03
Hba-a2 -0.928 1.310E-04 Ly6h -0.872  2.158E-03 Adamts16 -0.642  4.729E-02
Gm13889  -0.916 1.187E-05 Trnpl -0.868  9.911E-05 Hspala 0.641 2.541E-03
Sap301 -0.913 1.711E-04 Kif2 -0.864  4.240E-03 Mrpl54 0.639 1.883E-03
Plekhg4 0.905 5.845E-03 Myl6b -0.856  5.866E-04 Ptpn6 0.639 8.596E-03
Gm10591  -0.894 1.155E-02 Sap301 -0.852  5.689E-06 Peg10 0.636 4.555E-02
Fbx19 -0.886 5.532E-06 Erf -0.844  5.686E-04 Ritl3 0.635 2.598E-02
Wnt9a -0.866  4.959E-03 Tmem160 -0.843  2.832E-03 Fancd2 -0.631 1.993E-02
Frat2 -0.861 4.246E-03 Sox18 -0.842 1.348E-02 Ror1 -0.626 9.413E-03
Sts -0.855 8.503E-04 Rpl38 -0.840  2.093E-05 Otogl -0.624 1.961E-02
Insm1 -0.844 5.657E-04 Tmem256  -0.840 1.783E-04 Rpl2211 -0.624  2.989E-04
Hspbl 0.843 1.663E-02 Tead3 -0.840  5.864E-03 Lars2 -0.619  4.500E-03
Tommé6 -0.838  2.268E-03 Zfp524 -0.836 1.869E-03 Nadsynl -0.614 1.815E-02
Arfé -0.837 1.101E-06 Hcfclrl -0.829 1.688E-06 Cdk2ap2 0.611 2.685E-03
Pgam?2 -0.836 1.671E-02 Chchd10 -0.822  2.469E-04 Ppara -0.608  2.653E-02

2.3. Functional enrichment analysis

Gene Ontology (GO) enrichment analysis using Metascape revealed significantly altered
biological processes associated with DEGs patterns (Figure 3). For DEGs in the IH vs. control
comparison, enriched processes included neurological functions such as learning or memory (GO:
0007611, -logio (P) = 3.86) and brain development (GO: 0007420, -logo (P) = 2.96), as well as response
to reactive oxygen species (GO: 0000302, -loguo (P) = 3.17), blood vessel development (GO: 0001568, -
logio (P) = 3.34), and IL-17 signaling pathway (mmu04657, -logo (P) = 2.75) (Figure 3A). In contrast,
DEGs in the SH vs. control comparison showed enrichment only in response to hypoxia (GO:
0001666, -logw (P) = 2.22) with no effects on learning or memory (Figure 3B). The IH vs. SH
comparison also revealed no enrichment in learning or memory (Figure 3C).
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Figure 3. Gene Ontology (GO) analysis of biological processes (Control: n = 4, IH and SH: n = 5 each). (A) GO
analysis results for DEGs in the IH vs. control comparison. The X-axis shows -log10(P) values. In addition to
neurological processes such as learning or memory and brain development, response to reactive oxygen species
and blood vessel development showed significant enrichment. (B) GO analysis results for DEGs in the SH vs.
control comparison. Enrichment in response to hypoxia was observed, but no significant enrichment in learning,
memory, or neurological processes was found. (C) GO analysis results for DEGs in the IH vs. SH comparison.

No significant enrichment in neurological processes was observed. Statistical significance was set at P < 0.05.

QIAGEN Ingenuity Pathway Analysis (IPA) (QIAGEN, Hilden, Germany) identified major
molecular pathways altered in each comparison. Results are displayed as positive or negative Z-
scores indicating activation and inhibition, respectively. Figures 4A and B show the top 20 activated
and inhibited pathways in the IH group compared to controls, respectively. Activated pathways
included mitochondrial dysfunction (-logio (P) = 19.6, Z-score = 4.838), while inhibited pathways
included the KEAP1-NFE2L2 antioxidant pathway (-logi (P) = 5.74, Z-score = -5.303). For the IH vs.
SH comparison, the top 20 altered pathways are shown in Figures 4C and D, with the KEAP1-NFE2L2
pathway inhibited (-logio (P) = 4.33, Z-score = -3.441).
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Figure 4. QIAGEN Ingenuity Pathway Analysis (QIAGEN IPA) results showing altered molecular pathways
(Control: n=4, IH and SH: n =5 each). (A) Major molecular pathways activated in the IH group compared to the
control group. Pathways such as mitochondrial dysfunction were activated. (B) Major molecular pathways
inhibited in the IH group compared to the control group. The KEAP1-NFE2L2 antioxidant pathway was
inhibited. (C) Major molecular pathways activated in the IH group compared to the SH group. (D) Major
molecular pathways inhibited in the IH group compared to the SH group. The KEAP1-NFE2L2 antioxidant
pathway was inhibited. The X-axis shows -logio (P-value) and the color scale shows activation Z-score, with red
indicating activation and blue indicating inhibition. Statistical significance was set at -logio (P) > 1.3 and |Z-
scorel >2.0. IH, intermittent hypoxia; SH, sustained hypoxia.

2.4. RT-gPCR

mRNA expression changes obtained by RT-qPCR are shown in Figure 5 and Table 3. Of the 23
genes analyzed, 19 genes showed no statistically significant effects of exposure conditions, including
Adrb1, Foxob, Trem2, KIf2, Sod3, Cebpb, Dbi, Manf, Trpc6, Hspa5, Nov, Basp1, H1fx, Ism1, Phc3, Pknox1,
Rasl11a, Rps27, and Sdf211.

Four genes showed significant expression changes: Lars2 (F(2,22) = 4.376, P = 0.025), Rps21
(F(2,22) = 3.870, P = 0.036), Hmcnl (F(2,22) = 9.196, P = 0.001), and Vstm2l (F(2,22) = 5.509, P = 0.012).
Post-hoc analysis using Tukey’s HSD test revealed the following patterns: Lars2 expression was
significantly lower in the IH group compared to the SH group (P = 0.036) with a trend toward
decrease vs. control (P = 0.056). Rps21 expression was significantly lower in the SH group compared

) 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2250.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2025

d0i:10.20944/preprints202506.2250.v1

10 of 19

to control (P = 0.033). Hmcnl expression was significantly lower in the IH group compared to both
control (P = 0.008) and SH groups (P = 0.002). Vstm2l expression was significantly lower in the IH
group compared to control (P = 0.012) with a trend toward decrease vs. SH (P = 0.055).
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Figure 5. Adrb1, Foxo6, Trem2, K1f2, Sod3, Cebpb, Dbi, Lars2, Manf, Trpc6, Hspa5, Nov, Rps21, Baspl, H1fx,
Hmenl, Ism1, Phc3, Pknoxl, Rasllla, Rps27, Sdf2l1, and Vstm2l (A-W) mRNA expression in mouse
hippocampus. Values are presented as mean + standard error (Control: n =9, IH and SH: n = 8 each). (H) Lars2
mRNA in the IH group showed a significant decrease compared to the SH group (# P =0.036) and a trend toward
decrease compared to the control group (P = 0.056). (M) Rps21 mRNA in the SH group showed a significant
decrease compared to the control group (t P = 0.033). (P) Hmenl mRNA in the IH group showed a significant
decrease compared to both the control group (* P = 0.008) and the SH group (# P = 0.002). (W) Vstm2]l mRNA in
the IH group showed a significant decrease compared to the control group (* P = 0.012) and a trend toward
decrease compared to the SH group (P = 0.055). Statistical analysis was performed using one-way ANOVA
followed by Tukey's HSD test. * P < 0.05 vs. control; # P < 0.05, IH vs. SH; + P < 0.05, SH vs. control. Statistical

significance was set at P < 0.05. IH, intermittent hypoxia; SH, sustained hypoxia.
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Table 3. RT-gPCR results for mRNA expression levels.

Gene F value LS mean IH vs Control SH vs Control IH vs SH

Control : 0.977+0.064
Adrbl F(2,22) =2.915,P=0.075 TH : 0.877+0.066 P=0.277 P=0.662 P =0.066
SH : 1.033+0.066

Control : 0.786+0.144

Foxo6 F(2,22) =0.029, P=0.971 IH:0.758+0.148 P=0.979 P=0.999 P=0973
SH :0.791+0.148
Control : 1.321+0.176

Trem2 F(2,22) =2.343,P=0.120 IH:1.597+0.181 P=0.282 P=0.831 P=0.116
SH : 1.218+0.181
Control : 1.202+0.163

Kif2 F(2,22)=0.899, P =0.421 IH :1.417+0.168 P =0.400 P=0912 P =0.656
SH : 1.269+0.168
Control : 0.984+0.132

Sod3 F(2,22) =1.495, P = 0.246 IH : 1.114+0.135 P =0.588 P=0222 P =0.765
SH :1.209+0.135
Control : 0.808+0.087

Cebpb F(2,22) =1.808, P=0.188 IH : 0.823+0.089 P=0.984 P=0.271 P=0.223
SH : 0.670+0.089
Control : 0.892+0.078

Dbi F(2,22) =0.930, P = 0.409 IH : 0.997+0.080 P=0.384 P=0.891 P =0.668
SH : 0.928+0.080
Control : 0.999+0.058

Lars2 F(2,22) = 4.376, *P = 0.025 IH : 0.857+0.059 P =0.056 P =0.954 *P =0.036
SH : 1.016+0.059
Control : 1.051+0.099

Manf F(2,22)=3.191, P=0.061 TH : 1.123+0.102 P=0.753 P=0.194 P =0.057
SH : 0.872+0.102
Control : 0.900+0.094

Trpc6 F(2,20) = 0.452, P = 0.643 IH : 0.866:0.090 P=0.932 P=0.624 P=0.822
SH : 0.812+0.090
Control : 1.057+0.177

Hspa5 F(2,21) =2.733, P = 0.088 IH : 1.226+0.182 P=0.591 P =0.340 P=0.073
SH : 0.802+0.182
Control : 0.973+0.120

Nov F(2,22)=2.310, P=0.123 TH : 0.738+0.123 P=0.145 P =0.987 P =0.207
SH : 0.954+0.123
Control : 1.029+0.111

Rps21 F(2,22) =3.870, *P = 0.036 IH : 0.826+0.114 P=0.182 *P =0.033 P=0.676

SH : 0.729+0.114
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Control : 0.792+0.173

Basp1 F(2,22)=0.151, P = 0.861 IH : 0.741+0.178 P=0.953 P=0.849 P =0.967
SH : 0.697+0.178
Control : 0.912+0.122

Hifx F(2,22)=0.110, P = 0.897 IH : 0.913+0.125 P =1.000 P =0.909 P=0916
SH : 0.963+0.125
Control : 1.271+0.126

Hmenl F(2,22) =9.196, *P = 0.001 TH : 0.849+0.130 *P =0.008 P=0.703 *P =0.002
SH :1.373+0.130
Control : 1.122+0.130

Ism1 F(2,22) =0.204, P =0.817 TH : 1.044+0.134 P=0.821 P=0.99 P=0.875
SH : 1.110+0.134
Control : 1.286+0.177

Phc3 F(2,22) =0.423, P = 0.660 IH :1.179+0.182 P=0.819 P=0943 P=0.643
SH : 1.344+0.182
Control : 1.030+0.109

Pknox1 F(2,22)=1.774,P=0.193 IH : 0.840+0.112 P=0.212 P =0.980 P =0.306
SH :1.010+0.112
Control : 0.988+0.077

Rasllla  F(2,22)=1.129, P =0.342 IH : 1.057+0.079 P =0.652 P=0.795 P=0.312
SH : 0.938+0.079
Control : 1.067+0.084

Rps27 F(2,22) =0.640, P = 0.537 IH : 0.993+0.086 P =0.570 P =0.642 P=0.993
SH : 0.984+0.086
Control : 1.464+0.286

Sdf2i1 F(2,22) =2.764, P = 0.085 IH : 1.327+0.295 P=0.882 P =0.084 P=0218
SH : 0.818+0.295
Control : 0.840+0.100

Vstm2l F(2,22) =5.509, *P = 0.012 IH : 0.521+0.103 *P =0.012 P=0.799 P =0.055

SH : 0.775+0.103

Asterisks indicate statistical significance: *P < 0.05. Statistical analysis was performed using one-
way ANOVA. Tukey's HSD test was conducted to examine differences between groups.

3. Discussion

The present study demonstrates that IH induces learning or memory impairments. RNA-seq
and RT-qPCR analyses indicated the involvement of the KEAP1-NFE2L2 pathway and identified
novel genes potentially associated with OSAS.

Behavioral tests demonstrated that IH specifically induces cognitive dysfunction. The passive
avoidance test revealed significant learning or memory impairments in the IH group, with a
decreased proportion of mice exceeding the cutoff value compared to both control and SH groups,
while no difference was observed between SH and control groups. These findings are consistent with
previous research using similar IH conditions (minimum FiO, 5%/4-minute cycles/8 hours daily/3
weeks) [16] and clearly indicate that intermittent, rather than sustained, hypoxia specifically impairs
cognitive function. Although the Y-maze test showed no significant differences between groups
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under our 4-week experimental conditions, this aligns with previous studies [16], and longer
exposure durations may be required for spatial cognitive impairment [15].

RNA-seq analysis identified DEGs among groups. GO analysis of RNA-seq data revealed
alterations in "learning or memory" and '"response to reactive oxygen species" as key categories
specifically altered in the IH group. Based on these results, RT-qPCR analysis revealed significant
downregulation in four genes: Lars2, Hmcnl, Vstm2l, and Rps21. Lars2, encoding mitochondrial
leucyl-tRNA synthetase essential for mitochondrial protein synthesis and functional maintenance
[20-23], has been linked to Alzheimer's disease, with knockout mice exhibiting cognitive dysfunction,
increased p-tau, and hippocampal atrophy [24]. Additionally, decreased Lars2 expression impairs
mitochondrial stress responses, leading to elevated ROS levels [25]. Hmcn1, encoding an extracellular
protein involved in epithelial cell junction organization [26], has been implicated in Alzheimer's
disease pathways [27]. Vstm2l is localized to mitochondria and involved in maintaining
mitochondrial homeostasis [28]. The previous study showed that repeated cycles of hypoxia-
reoxygenation increased ROS production [17]. In addition, the increase in mitochondrial ROS is
associated with neuronal cell death and cognitive dysfunction [18,19]. Therefore, the downregulation
of mitochondrial genes Lars2 and Vstm2] may have contributed to cognitive dysfunction through
impaired mitochondrial function and elevated ROS levels. In contrast, Rps21, encoding ribosomal
protein S21 [29], showed downregulation specifically in the SH group, but there are few reports
linking Rps21 to cognitive dysfunction, and this downregulation may not be related to cognitive
function.

Pathway analysis using QIAGEN IPA revealed significant suppression of the KEAP1-NFE2L.2
pathway in both IH and SH groups compared to the control group, with stronger suppression
observed in the IH group. The KEAP1-NFE2L2 pathway functions as a major regulator of
intracellular antioxidant defense systems, playing cytoprotective roles including suppression of
inflammatory signals [30], regulation of mitochondrial function [31], prevention of cell death [32],
and neuroprotection [33]. Chronic IH exposure has been shown to decrease Nrf2 expression in
multiple organs, including the hippocampus [13]. In the present study, although Nrf2 expression
showed no significant differences between groups, pathway analysis revealed alterations in the
KEAP1-NFE2L2 pathway. IH-induced suppression of the KEAP1-NFE2L2 pathway may have
attenuated antioxidant defense and neuroprotective mechanisms, contributing to cognitive
dysfunction.

This study has limitations including limited validation of protein-level expression and
functional involvement of the identified genes. Further studies are needed to elucidate the specific
mechanisms by which these genes contribute to cognitive dysfunction and to validate their functional
roles in OSAS-related cognitive impairment.

4. Materials and Methods

4.1. Animals

Seventy-one male C57BL/6] mice (weight: 22.5 + 2.9 g; age: 8 weeks; Japan SLC, Hamamatsu,
Japan) were used for behavioral and molecular analyses. Mice were housed in groups of 5-6 per cage
(30 cm length x 20 cm width x 12 cm height) under controlled environmental conditions at a
temperature of 24 + 1°C and a 12:12-hour light-dark cycle (lights on at 08:00). Mice had ad libitum
access to food and water. All experimental protocols were approved by the Animal Research
Committee of Showa Medical University (Tokyo, Japan) (approval number: 124040).

4.2. Experimental protocol

Mice were allocated to the control group (n = 38), IH group (n = 16), and SH group (n=17). The
IH group mice were exposed to intermittent hypoxic loading with alternating oxygen concentrations
of 10% and 21% in 2-minute cycles for 8 hours daily (12:00-20:00). The SH group mice were exposed
to continuous hypoxic loading at 10% oxygen concentration for 8 hours daily (12:00-20:00). The
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control group mice were housed without hypoxic exposure. Mice were maintained under these
conditions for 28 days, followed by Y-maze testing on day 29, passive avoidance testing (day 1) on
day 29, and passive avoidance testing (day 2) on day 30. After behavioral experiments, mice were
euthanized under isoflurane anesthesia and decapitated for hippocampal collection. Hippocampi
were immersed in RNA stabilization solution (RNAprotect Tissue Reagent, QTAGEN) to prevent
RNA degradation, kept at 4°C overnight, and then stored at -80°C. Hippocampal samples were used
for RNA-seq and cDNA synthesis.

4.3. Intermittent hypoxia exposure, sustained hypoxia exposure

Mice in the IH group were exposed to intermittent hypoxia for 8 hours daily from 12:00 to 20:00
for 28 days using a custom-made gas control delivery system (Shibata Scientific Technology Ltd.,
Tokyo, Japan) with oxygen and nitrogen alternation to create alternating hypoxic and normoxic
conditions, controlled by a pressure controller (Gas Cylinder Auto Changer Model 8500, WAKEN
BTECH CO., LTD., Kyoto, Japan). One cycle was defined as 120 seconds, consisting of a hypoxic
phase (10% oxygen, 70 seconds) and a normoxic phase (21% oxygen, 50 seconds). Oxygen
concentrations were continuously monitored by an oxygen analyzer (XP-3380 II, Shin-Cosmos
Electric Co., Ltd., Osaka, Japan) and recorded using an A/D converter (PL2604 PowerLab 4/26,
ADInstruments, Dunedin, New Zealand) connected to LabChart v7 (ADInstruments).

Mice in the SH group were housed using a custom-made acrylic box (56 cm width x 45 cm height
x 41 cm depth) (Kyodo International Co., Ltd., Kawasaki, Japan) with their cages placed inside. The
box featured five 0.8 cm air holes: two at the upper corners of the back panel and two at the lower
corners of each side panel, with a fan attached at a height of 28 cm on the left side panel that operated
continuously throughout the experiment. A gas control delivery system (ProOx P110, BioSpherix,
Parish, NY, USA) and a pressure controller (Gas Cylinder Auto Changer Model 8500, WAKEN
BTECH CO., LTD.) were employed to maintain hypoxic conditions using nitrogen. The system
continuously monitored oxygen concentration using a built-in oxygen analyzer and featured a
programmable timer function (H5S, OMRON, Kyoto, Japan). Mice were exposed to sustained
hypoxia at 10% oxygen concentration for 8 hours daily (12:00-20:00) over 28 days. During the
remaining period (20:00-12:00), atmospheric oxygen concentration (21%) was maintained using an
air pump (AP-30P, Yasunaga Air Pump Co., Ltd., Tokyo, Japan).

Both gas delivery systems were validated before experiments and underwent regular calibration
to ensure accurate gas circulation and maintain stable concentrations.

4.4, Y-maze test

Based on previous studies [15,16,34], mouse short-term spatial working memory was evaluated
using the Y-maze test. Forty-nine mice (control group: n = 17, IH group: n = 16, SH group: n = 17)
were analyzed, with one mouse from the IH group excluded due to deviation from the Y-maze test
during the experiment. The maze consisted of three identical arms radiating from a central area at
120° angles to each other, with dimensions of 40 cm length x 12 cm height, 3 cm width at the floor
expanding to 10 cm width at the ceiling. Arm entry was defined as all four paws completely entering
an arm. Mice explored the maze for 8 minutes while the number of arm entries was recorded by an
overhead video camera (MX Brio C1100PG, Logitech International S.A., Lausanne, Switzerland) and
analyzed using behavioral analysis software (SMART V 3.0, Bio Research Center Co., Ltd., Nagoya,
Japan). The percentage of spontaneous alternation was calculated as: %Alternations = (number of
triads/(N-2)) x 100, where N = total number of entries.

4.5. Passive avoidance test

Based on previous studies [16,35], mouse memory and learning ability were evaluated using a
two-compartment step-through passive avoidance apparatus (MPB-M030, Melquest Co., Toyama,
Japan). Seventy-one mice (control group: n = 38, IH group: n = 16, SH group: n = 17) were initially
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used. The apparatus consisted of a bright compartment (10.0 x 18.0 x 14.5 cm) and a dark
compartment (18.0 x 18.0 x 14.5 cm) separated by a wall with a guillotine door. The bright
compartment was illuminated at 145 Ix.

During the training phase, mice were placed in the bright compartment for 20 seconds before
the guillotine door was opened to allow entry into the dark compartment. When mice entered the
dark compartment, the guillotine door was closed and an electric shock (0.3 mA) was delivered for 3
seconds. Testing was performed 24 hours after training. Mice were placed in the bright compartment
for 20 seconds before the guillotine door was opened. The latency to enter the dark compartment was
recorded for up to 300 seconds. Mice that did not enter the dark compartment after 300 seconds were
considered to have retained memory, and this proportion was used for analysis. Due to experimental
protocol errors, 11 mice (6 from the control group and 5 from the IH group) that received multiple
electrical stimulations were excluded from the analysis, resulting in final group sizes of n = 32
(control), n=11 (IH), and n =17 (SH).

4.6. RNA sequencing

Total RNA was extracted from hippocampi using the RNeasy® Plus Universal Mini Kit
(QIAGEN) following the manufacturer's protocol. Total RNA concentration and purity were
determined based on the ratio of absorbance at 260 nm and 280 nm using a NanoDrop One
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). For RNA-seq analysis, 5 samples
each from the IH and SH groups and 4 samples from the control group were submitted to Rhelixa
Co., Ltd. (Tokyo, Japan). Control samples were prepared from mice exposed to atmospheric
conditions under identical experimental conditions (same mouse strain, age, and housing duration)
in a preliminary experiment.

In the primary analysis, adapter sequences and low-quality bases in paired-end reads were
removed with fastp (version 0.23.4). Filtered paired-end reads were mapped to the mouse reference
genome (GRCm39) by HISAT2 (version 2.2.1) and expression levels were quantified by StringTie
(version 2.2.1). The read count values of the gene expression data (raw signal) were subjected to
appropriate processing by Subio Platform (Subio Inc, Nagoya, Japan), including binary log
transformation, global normalization by 80th percentile, low signal cutoff (read counts < 40), missing
value completion (logz 32), correction by control group values (Processed signal), averaging and ratio
calculation to the control group by exponential function (FC). Specifically, among the read gene
expression data (40015 genes), only genes for which raw signal in each group was above the low
signal cutoff value for protein-coding genes were extracted (13733 genes), further filtered to genes
with Processed signal > 10.251 (7756 genes).

For secondary analysis, functional analysis was performed using Metascape to identify enriched
biological pathways and processes [36]. DEGs lists were analyzed with thresholds of FC > 1.5 or <
0.67 and significance level P < 0.05. Furthermore, pathway analysis was conducted using QIAGEN
IPA to examine molecular networks. Of the 7756 genes, 38 genes that were not mapped within the
QIAGEN IPA were excluded, and of the remaining 7718 genes, those meeting P < 0.05 were analyzed.
Data were considered significant with thresholds of -logio (P) > 1.3 and | Z-score| >2.0. The sequence
data were deposited in the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo;
accession no. GSE 299437).

4.7. RT-qPCR

For RT-qPCR analysis, total RNA samples from the control group included 9 samples extracted
in this experiment, while the IH and SH groups used 8 samples from each group. cDNA was
synthesized from total RNA using PrimeScript™ RT Master Mix (Takara Bio Inc., Kusatsu, Japan)
according to the manufacturer's protocol.

Target genes were selected based on several criteria. Based on GO analysis results, genes with
read counts >100 that have been reported to be associated with cognitive function or neural processes
within the "learning or memory" and "response to reactive oxygen species” categories were selected
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(Adrb1 [37], Foxo6 [38], Trem2 [39], Kif2 [40], Sod3 [41]). Additionally, three categories of genes were
included: genes previously reported to be associated with cognitive function or neural processes but
not identified in the GO analysis (Cebpb [42], Dbi [43], Lars2 [24], Manf [44], Trpc6 [45]), genes with
high read counts (>1500) but no existing literature reports (Hspa5, Nov, Rps21), and genes with large
FC (>2.0 or <0.5) (Basp1, H1fx, Hmcnl, Ism1, Phc3, Pknox1, Rasl11a, Rps27, Sdf211, Vstm?2l).

Probe details are provided in Table 1. All probes contained 6-FAM at the 5' end, ZEN quencher
internally, and Iowa Black FQ quencher at the 3' end, and were synthesized as PrimeTime Mini qPCR
Assay (Integrated DNA Technologies, Inc., Coralville, IA, USA). Quantitative PCR was performed in
a total volume of 10 pL with PrimeTime® Gene Expression Master Mix (Integrated DNA
Technologies, Inc., Coralville, IA, USA) and QuantStudio™ 5 Real-Time PCR system (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer's instructions. The PCR conditions
were as follows: initial denaturation at 95°C for 3 min, followed by 45 cycles of 95°C for 15 sec and
60°C for 30 sec. Relative expression levels of each gene were determined by the AACt method using
Gapdh as an internal control.

4.8. Statistical Analysis

Statistical analyses were performed using JMP Pro ver.17.0.0 JMP Statistical Discovery LLC,
Cary, NC, USA). All data are presented as mean + standard error. For Y-maze test alternation
behavior rates and hippocampal mRNA levels, one-way analysis of variance (ANOVA) followed by
Tukey’s HSD test was used for multiple group comparisons. For the passive avoidance test, the
proportion of mice exceeding the cutoff value (300 seconds) was compared using the chi-square test.
Statistical significance was set at P < 0.05.

5. Conclusions

In this study, we demonstrated that IH induces learning or memory impairments using a mouse
model of OSAS. RNA-seq and RT-qPCR analyses revealed three genes (Lars2, Hmcnl, and Vstm2l)
that showed specific downregulation in the IH group and confirmed the involvement of the KEAP1-
NFE2L2 antioxidant pathway. These findings provide insights into the molecular basis of cognitive
dysfunction in OSAS.
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Abbreviations

The following abbreviations are used in this manuscript:

OSAS Obstructive sleep apnea syndrome
H Intermittent hypoxia

SH Sustained hypoxia

ROS Reactive oxygen species

RNA-seq = RNA sequencing

DEGs Differentially Expressed Genes

FC Fold change

GO Gene Ontology

IPA Ingenuity Pathway Analysis
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