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Preliminary evidence of immune
infiltration and neutrophil
degranulation in peripheral blood
of non-obese OSA patients related
to cognitive decline

Qinggqing Liuv%%3%8 Yanru Ou%3%5, Ting Liul%3* Yuming He®, Xiangming Quan?®,
Ruoyun Ouyang:%34* & Zhihui Shil:23/4>

Obstructive sleep apnea (OSA) patients have varying degrees of cognitive impairment, but the specific
pathogenic mechanism is still unclear. Meanwhile, poor compliance with continuous positive airway
pressure (CPAP) in OSA prompts better solutions. This study aimed to identify differentially expressed
genes between the non-obese OSA patients and healthy controls, and to explore potential biomarkers
associated with cognitive impairment. Cohorts of healthy control (n=20) and non-obese, treatment-
naive OSA patients (n=20) were recruited. We collected their peripheral blood mononuclear cells and
neutrophils, and their cognitive performances were evaluated by the Montreal Cognitive Assessment
(MoCA). The differentially expressed genes were identified by bioinformatic analysis and confirmed

by PCR. Imbalanced immune cell proportions were assessed by Cibersort. Biomarkers related to
enriched cellular pathways were measured by ELISA. OSA patients showed a significant decline

in overall cognitive function and were associated with higher daytime sleepiness scores. Multiple
signaling pathways were enriched in the non-obese OSA cohort, including upregulation of neutrophil-
degranulation. Increased monocyte proportion and decreased NK cell proportion were figured out.
The relevant genes, including upregulated defensin alpha 4 (DEFA4), haptoglobin (HP), survivin
(BIRC5), and suppressed interferon gamma (IFNG) expression were detected. The relative expression
of DEFA4 was significantly correlated with the MoCA score and sleep parameters. Biomarkers such as
myeloperoxidase (MPO), H,0,, and lipocalin-2, as representatives of neutrophils’ activation, elevated
significantly in the OSA group. The data demonstrated a positive correlation between MPO and oxygen
desaturation index (ODI) and a negative correlation between MPO and lowest oxygen saturation
(LSa0,). The level of Lipocalin-2 was positively correlated with apnea-hypopnea index (AHI) and

ODI and negatively correlated with L5aO, and MoCA score. We also observed a negative correlation
between H,0, and mean oxygen saturation (MSa0,). Degranulation of neutrophils was activated

in non-obese OSA patients without other complications. The process is related to OSA severity and
cognitive impairment, implying its role in pathogenesis.
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Obstructive sleep apnea (OSA) is a heterogeneous sleeping disorder attributed to episodic narrowing or
collapsing of the upper airway. The vital pathophysiology of OSA encompasses intermittent hypoxia (IH) and
sleep fragmentation®. Typical OSA manifests with chest discomfort, breath cessation, and excessive daytime
sleepiness. The standard diagnosis of OSA relies on a laboratory test called polysomnography (PSG), which
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quantifies the nocturnal respiratory events denoted as the apnea-hypopnea index (AHI). AHI has also been
widely applied in OSA severity evaluation?. Although substantially underdiagnosed and undertreated®, the
prevalence of mild OSA has been estimated as high as over 80%. With noticeable dominance in the males,
inconsistent incidence of OSA was observed among various races, ethnicities, and ages®. As the therapeutic
mainstay, continuous positive airway pressure (CPAP) could guarantee patients’ ventilation by splinting open
their airways®. However, unqualified CPAP adherence remained the research focus for a long time without
improvement®.

OSA predisposed patients to cardiovascular, cerebrovascular, metabolic, arrhythmic, chronic pulmonary,
renal, neuropsychiatric comorbidities, and therapeutic resistance’. Due to insufficient CPAP usage, the
enhancement of long-term clinical outcomes was thwarted®. Meanwhile, the detailed pathogenesis of OSA
has been investigated to explore more potential therapeutic targets. Inflammation ignited by oxidative stress
played a significant role in OSA pathogenesis®. A robust deconvoluted algorithm, known as Cibersort, has been
developed to “enumerate” immune cell subgroups based on transcriptional data!®!!. It aided in profiling the
underlying inflammatory disturbance in discrepant scenarios'?-14.

Recent evidence indicated that alterations in inflammation markers and immune cell populations could
initiate or exacerbate neuroinflammation and perpetuate the neurodegenerative process'>~'’. TH-induced
peripheral inflammation can cause glial cell activation, neuronal death, and neuroinflammation in the central
nervous system via blood-brain barrier damage or vagal afferent!'s. Hypoxia influences the phenotype and
proportion of immune cells, which promotes inflammation'®. However, whether alterations in immune cells are
associated with cognitive decline in OSA remains unclear.

Herein, we analyzed dysregulated pathways and inflammation-related features originating from peripheral
blood mononuclear cell (PBMC) RNA transcripts of healthy controls and non-obese OSA patients. Public
datasets have validated the influence of CPAP on these pathways. In addition, hub genes and their relations to
clinical phenotypes were identified and verified, which indicated plausible biomarkers and druggable targets for
future investigations.

Methods

Study population

This study enrolled 20 healthy controls and 20 OSA patients recruited from the Sleep Center of the Second
Xiangya Hospital of Central South University. All the volunteers received PSG, and basic information such
as age, BMI, education level, blood pressure, medical history, and medication history were recorded. Only
male participants of 18 to 65 years old were included in this study. The exclusion criteria were described as (a)
infection, asthma attack, trauma, vaccination, dental therapy during the past month; (b) operation within three
months; (c) BMI>28 kg/mz; (d) with the listed comorbidities: hypertension, coronary heart disease, stroke,
diabetes mellitus, chronic lung diseases, hyperlipidemia, nervous system disease, and other chronic conditions;
(e) current cigarette smokers and those who ceased smoking within one year; (f) chronic medication intake.
The subjects with AHI less than 5/hour have been assigned to the “healthy control” group, and those with AHI
over 15/hour have been assigned to the “OSA patient” group. All subjects agreed to participate in this study
and signed informed consent. General clinical information of all participants was collected, including age, sex,
body mass index (BMI), educational level, and smoking index (=number of cigarettes smoked per day x years
of smoking).

Assessment of daytime sleepiness and cognitive function
The Epworth sleepiness scale (ESS) was used to assess daytime sleepiness in the subjects. The Montreal Cognitive
Assessment (MoCA) was used to assess the general cognitive function.

Sleep data acquisition

All subjects underwent full-night PSG (Alice LDE, Philips, USA) in the sleep medicine center or wore the
portable sleep monitor (NOX T3, ResMed, USA) at home from 10:00 pm to 6:00 am. Cessation of airflow>10s
was defined as apnea, and reduction in airflow by at least 30% =10 s with decreased oxygen saturation (a decrease
of at least 4%) was defined as hypopnea?. The AHI was computed by dividing the total number of apneas and
hypopneas by total sleep time. OSA was defined when the apnea-hypopnea index > 5 events/hour.

Peripheral blood cell separation

All the subjects were asked to avoid drinking alcohol, strong tea, or coffee within 24 h. 10 ml fasting venous
blood (fasting period > 8 h) was collected with EDTA anticoagulation tubes and separating glue/coagulant tubes
from subjects in the morning. 5 ml of peripheral blood collected in an EDTA anticoagulation tube was diluted
with the same volume of 1xPBS solution). We used the lymphocyte separation medium (TBDscience, LTS1077)
to isolate PBMC by density gradient centrifugation, and used human peripheral blood neutrophil isolation
solution kit (TBDscience, LZS11131) to isolate neutrophils.

Online data collection

The public data matrix was downloaded online from the Gene Expression Omnibus (GEO) database. The selected
studies included treatment-naive OSA patients and patients with adequate CPAP treatment. The specimens
for sequencing were obtained from peripheral blood, and gene expression profiles were detected in an array.
The GSE49800 dataset contained transcriptional information from peripheral blood leukocytes. The GSE75097
dataset and the GSE133601 dataset contained transcriptional information from PBMC.
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Transcriptome sequencing
Total RNA was extracted from PBMC and neutrophils using Trizol reagent, and the quality was controlled by
concentration and optical density value. The RNA sequencing was performed on the Illumina platform.

Evaluate the proportion of immune cells

The Cibersort is a deconvolution algorithm developed for calculating the relative abundance of 22 immune cell
types based on their molecular features. Cibersort estimated the discrepancy of immune cell proportions in
peripheral blood between the controls and OSA patients. LM22 signatures were applied as algorithmic patterns,
and the results were satisfied with a P value <0.05. For each sample, all the immune cell fractions added up to 1.

Differential expression analysis and enrichment analysis

The deseq2 R package was applied to discern differentially expressed genes (DEGs). The adjusted P-value was
corrected by controlling the false discovery rate (FDR) and was set as the threshold for statistical significance.
DEGs were identified with expression fold changes above 1.5 and adjusted P value below 0.05 within comparison
between the healthy control and OSA patient groups. A heatmap of top-upregulated and downregulated DEGs
was generated by R software.

The online data was processed by Robust Multiarray Average by limma R package. The genes with zero
expression in over 50% of the samples were excluded from further analysis.

In terms of biological functions, analysis was conducted using critical modules of Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways®!. Gene set enrichment analysis (GSEA) is a method that illustrates the
phenotypes by attributing them to gene distribution trends in the priori-defined sets. To further investigate the
enriched pathway, single sample gene set enrichment analysis (ssGSEA) was performed to assess the level of
pathway (recorded as ssGSEA score) for each sample according to the gene expression levels in corresponding
pathways. The enrichment analysis of function was accomplished using the clusterProfiler R package.

Protein-protein interactions and hub genes

The protein interactive network was established through the Search Tool for the Retrieval of Interacting Genes
(STRING) with medium confidence>0.4 set as the cut-off value. The network was visualized using Cytoscape
software, and the pivotal hub genes were selected for the following validation.

Validation of hub genes and biomarkers
The mRNA levels were detected using the 2xUniversal Blue SYBR Green qPCR Master Mix Kit (G3326-05,
Servicebio, Wuhan, China), and reverse transcription was performed by RevertAid Master Mix Kit (M16315,
Thermo Scientific, Massachusetts, American). All of the primer sequences were listed in Supplementary Table S1.
The 2-AAC method assessed relative mRNA expression normalized to B-actin mRNA levels.

The other 5 ml peripheral blood collected in a separating glue/coagulant tube was centrifuged at 3000 rpm,
4 °C for 10 min, and the upper serum was collected and frozen at -80 °C. The levels of Lipocalin-2 (KE00144,
Proteintech, Wuhan, China), myeloperoxidase (MPO) (KE00171, Proteintech, Wuhan, China), and H,O,
(A064-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in serum were measured by ELISA.

Statistical analysis

Statistical analyses were performed using IBM SPSS statistics 25, R software 4.1, and GraphPad Prism version 8.
The quantitative data in this study were represented as mean + standard deviation, and the qualitative data were
expressed as numbers (percentages). Quantitative data was tested using the Student’s t-test or Mann-Whitney
U test, while qualitative data was tested using the chi-square test. For correlation analysis, Pearson’s correlation
test was performed for quantitative data with normal distribution, while Spearman’s test was performed for
quantitative data with abnormal distribution. P value<0.05 was considered to be statistically significant.

Results

Clinical features

20 OSA patients and 20 healthy controls were enrolled in the study. Age, sex, BMI, smoking index, and years
of education were matched between the two groups, and their essential clinical characteristics were shown
in Table 1. OSA patients had obviously higher ESS scores (8.80+5.12) and lower MoCA scores (27.00+1.45)
compared with the healthy controls (ESS score 2.85 +3.54, MoCA score 28.7+0.80). The flow diagram of this
study is shown in Fig. 1.

DEGs between OSA and control

We chose 13 OSA patients and 10 healthy controls with no statistically significant differences in age, sex, smoking
index, and education (Table 2), and extracted RNA from their PBMC for transcriptome sequencing analysis.
By principal component analysis (Fig. 2A), we found a significant separation of PBMC transcript information
between the OSA and healthy control groups. The contribution values of Dim 1 and Dim 2 were 33.9% and
17.8%, respectively, indicating that the transcript information of OSA patients was changed to a certain extent.
The heat map (Fig. 2B) showed many DEGs in PBMC between OSA patients and healthy controls. We identified
66 DEGs, of which 25 were up-regulated and 41 down-regulated.

Differential expression of biological processes

KEGG and GSEA enrichment analyses were performed to determine the potential biological functions of DEGs.
KEGG enrichment analysis showed that DEGs were mainly enriched in antigen processing and presentation,
natural killer cell-mediated cytotoxicity, graft-versus-host disease, platinum drug resistance, and IL-17 signaling
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Subjects Healthy control (N=20) | OSA patients (N=20) | P value
Age (year) 32.10+6.67 37.65+11.36 0.069
Male (%) 20 (100) 20 (100) -

BMI (kg/mz) 23.12+£2.27 24.39+1.75 0.054
Smoking index 50.75+127.45 164.5+226.52 0.162
Education (year) | 17.15+2.27 16.35+2.76 0.068
AHI 1.83+1.69 45.55+£26.28 <0.001
ODI 1.79+1.65 44.74+26.83 <0.001
LSaO, 91.23+£3.48 76.65+12.36 <0.001
MSaO, 96.27 £0.66 94.05+2.46 <0.001
TS90 0.18+0.40 54.69+91.87 <0.001
TS90% (%) 0.04+0.10 11.40+18.00 <0.001
ESS 2.85+3.54 8.80£5.12 <0.001
MoCA 28.70+0.80 27.00+1.45 <0.001

Table 1. Basic information of OSA patients and healthy controls. Data expressed as mean +SD or number
(percentage). Student’s t-test and Mann-Whitney U test were performed to compare the differences between
the two groups, P<0.05 was considered statistical significance. BMI, body mass index; AHI, apnea-hypopnea
index; ODI, oxygen desaturation index; LSaOZ, lowest saturation oxygen; MSaOZ, mean saturation oxygen;
ESS, epworth sleepiness scale; MoCA, montreal cognitive assessment; TS90, the total sleep time spent with
oxygen saturation below 90%; TS90%, percentage of total sleep time spent with oxygen saturation below 90%.

pathways (Fig. 3A). From the results of GSEA enrichment analysis, some pathways, such as the ribosome,
hematopoietic cell lineage, asthma, and oxidative phosphorylation pathway, were significantly activated. In
contrast, taste transduction, olfactory transduction, neuroactive ligand-receptor interaction pathways, and
bile secretion were suppressed (Fig. 3B). At the same time, we noticed that the neutrophil function-related
signaling pathways were changed in OSA patients, and the GSEA enrichment plots showed that the expression
of neutrophil extracellular trap formation and reactome neutrophil degranulation pathways were significantly
increased in OSA patients (Fig. 3C). Respectively enrichment analyses of upregulated DEGs and downregulated
DEGs were showed in Figure S1.

DEGs of OSA patients before and after CPAP treatment

We analyzed transcriptional information of OSA patients in 3 GEO datasets, including GSE49800, GSE75097,
and GSE133601. All of the OSA patients enrolled in the study had excellent adherence to CPAP therapy. The
volcano maps showed DEGs of OSA patients before and after CPAP treatment (Fig. 4). However, there was no
significant difference in gene expression before and after CPAP treatment in OSA patients when the adjusted P
value (<0.05) was applied.

Proportion of immune cells

The proportions of immune cells were evaluated by the Cibersort computational methods (Fig. 5). Compared
with healthy controls, we found that OSA patients had an increased proportion of monocytes, T regulatory cells,
and resting CD4 + T memory cells, and a decreased proportion of resting and activated NK cells. The immune-
infiltrating landscape was showed in Figure S2.

Protein-protein interactions network and neutrophil degranulation-related hub genes

The protein-protein interactions network and hub genes are shown in Fig. 6A. Moreover, we verified the up-
regulation of defensin alpha 4 (DEFA4), haptoglobin (HP), survivin (BIRC5), while the down-regulation of
interferon gamma (IFNG) by qPCR in the PBMC of OSA patients (Fig. 6B). Notably, we also found that the
relative expression of DEFA4 was significantly correlated with MoCA score (R=-0.580, P=0.041) and sleep
parameters including AHI (R=0.636, P=0.022), ODI (R=0.582, P=0.040), LSaO, (R=-0.803, P=0.002), and
MSa0, (R=-0.624, P=0.025) (Fig. 6C). In addition, there was a significant positive correlation between the
relative expression of IFNG and MSaO, (R=-0.644, P=0.020).

Serum markers associated with neutrophil degranulation increased

We used ELISA to detect related biomarkers further to verify the possibility of neutrophil degranulation in OSA
patients. We found that serum levels of Lipocalin-2, MPO, and H,O, were greatly increased in OSA patients
(Fig. 7A). Correlation analyses were performed to describe the relationship between sleep parameters, cognitive
decline and the serum level of neutrophil degranulation markers (Fig. 7B). The level of Lipocalin-2 was positively
correlated with AHI (R=0.693, P<0.001), ODI (R=0.743, P<0.001), but negatively correlated with LSaO, (R=-
0.527, P=0.017) and MoCA score (R=-0.544, P=0.013). The level of MPO was positively correlated with ODI
(R=0.466, P=0.038) while negatively correlated with LSa0, (R=-0.569, P=0.009). Moreover, the level of H,0,
was negatively correlated with MSaO, (R=-0.478, P=0.033).
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Fig. 1. Flow diagram of the study.

Validation of the neutrophil degranulation-related hub genes in neutrophils of OSA patients
To further verify the results of the study, we re-collected the peripheral blood of 6 OSA patients and 6 healthy
controls in this study and isolated their neutrophils. Similar to the expression in PBMC, DEFA4, HP, and BIRC5
were up-regulated whereas IFNG was down-regulated in the neutrophils of OSA patients compared with healthy
controls (Fig. 8).

Discussion

Systemic inflammation, attested in several studies, has been incorporated as a piece of the pathogenesis of
OSA. The typical circulating biomarkers were partially correlated with AHI, among which the skewed ratio
of neutrophils, lymphocytes, and platelets showed significant differences between OSA patients with graded
severities?>?3, except for distinct pro-inflammatory mediators?*?>. A similar imbalance of assorted immune
cell proportions was also noticed in this study. Analogous-activated inflammation pathways were also reported
based on analysis in OSA patients?.

Neutrophils function as primary responders in innate immunity to pro-inflammatory stimuli. The neutrophils’
dysfunction, including degranulation and formation of neutrophil extracellular traps (NETs), has been noticed.
Several procedures are involved in neutrophils’ activation and motivation?”?, where “degranulation” is defined
as a highly-regulated exocytosis process that deploys constituent proteins to secret granules®**’. These granules
were previously supposed to defend against infection and later dynamic participants in chronic or unresolved
inflammation?®3!. TH promotes oxidative stress by increased production of reactive oxygen species, sympathetic
activation, and systemic and vascular inflammation, which contributes to diverse multiorgan impairments,
including cardiovascular disease, metabolic dysfunction, cognitive decline, and progression of cancer®2. TH,
the central pathophysiology of OSA, could also serve as a trigger of the processes mentioned above. A few
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Dim2 (17.8%)

Subjects Healthy control (N=10) | OSA patients (N=13) | P value
Age (year) 32.50+5.10 31.77+7.94 0.803
Male (%) 10 (100) 13 (100) -

BMI (kg/mz) 23.30£2.52 24.08+1.79 0.397
Smoking index 81.50+167.90 92.31+£193.48 0.542
Education (year) | 17.10+1.10 16.69+3.38 0.229
AHI 2.59+£1.79 46.82+28.47 <0.001
ODI 2.54+1.67 45.95+29.02 <0.001
LSaO, 89.40+3.69 77.85+12.42 0.006
MSaO, 96.12+0.64 93.39+£2.75 0.001
TS90 0.35+0.52 69.31+£110.85 0.002
TS90% (%) 0.08+0.13 14.40+21.62 0.001
ESS 2.90+3.76 7.92+5.53 0.020
MoCA 28.30+£0.48 27.08+1.44 0.036

Table 2. Basic information of OSA patients and healthy controls receiving transcriptome sequencing. Data
expressed as mean + SD or number (percentage). Student’s t-test and Mann-Whitney U test were performed
to compare the differences between the two groups, P<0.05 was considered statistical significance. BMI, body
mass index; AHI, apnea-hypopnea index; ODI, oxygen desaturation index; LSa0,, lowest saturation oxygen;
MSaOZ, mean saturation oxygen; ESS, epworth sleepiness scale; MoCA, montreal cognitive assessment; TS90,
the total sleep time spent with oxygen saturation below 90%; TS90%, percentage of total sleep time spent with
oxygen saturation below 90%.
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Fig. 2. The expression of DEGs between health controls and OSA patients. PCA scatter plot (A) and heatmap
(B) showed the differential expression of PBMC sequencing data in 10 healthy controls and 13 OSA patients,
adjusted P<0.05.

pieces of evidence already corroborated that hypoxic treatment led to prolonged survival and stimulated

phenotype of neutrophils

33,34

as well as enhanced degranulation and NETs formation>3¢, However, the possible

contribution of these molecular pathologies to comorbidities of OSA needs further exploration. Neutrophil-
driven inflammation has been recognized as a common mechanism for many pathological conditions, and the
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Fig. 3. Differential expression of biological processes by enrichment analysis. (A) KEGG enrichment analysis
displayed the functional pathways in OSA patients that differed from those in healthy controls. (B) OSA-
related pathogeneses were found by ssGSEA enrichment analysis. (C) GSEA enrichment analysis suggested
alterations in neutrophil-related functions.

release of granulocytes into the extracellular environment can cause damage to surrounding tissues and prolong
the inflammatory response’!. Peripheral inflammation can trigger neuroinflammation in the central nervous
system by damaging the blood-brain barrier or stimulating the vagus nerve in OSA!%. Besides, neutrophil
infiltration and NETs formation may contribute to neurocognitive impairment by damaging the blood-brain
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Fig. 4. Volcano plots of DEGs before and after CPAP treatments in OSA patients. (A) Differential gene
expression in leukocytes of OSA patients before (N=18) and after CPAP (N=18) in the GSE49800 dataset
(CPAP adherence: 6.9+1.0 h/night in the last two weeks), P<0.05, adjusted P<0.05 (FDR). (B) Differential
gene expression in PBMCs of OSA patients before (N=28) and after CPAP (N=14) in the GSE75097 dataset
(CPAP adherence>4 h/night in the last year), P<0.05, adjusted P<0.05 (FDR). (C) Differential gene expression
in PBMCs of OSA patients before (N=15) and after CPAP (N=15) in the GSE133601 dataset (CPAP
adherence>4 h/night in the last 3 months), P<0.05, adjusted P<0.05 (FDR).

barrier and activating microglia®”. Besides, other enriched pathways indicating relevant links between OSA and
potential complications called for more detailed research. The protein expression of neutrophils changes during
maturation, resulting in the formation of different subtypes of granules.

Certain archetypal proteins could distinguish the different particle subtypes, and some of them, such as
MPO and lipocalin-2, were markers of neutrophil degranulation®*3°. MPO was a member of the heme
peroxidase-cyclooxygenase superfamily and was expressed mainly in neutrophils, which was considered
a target for regulating and treating neutrophil function®. Lipocalin-2 belonged to the lipid carrier protein
superfamily, and the primary source of plasma lipocalin-2 was neutrophils®. A recent study found that platelet
serotonin promoted neutrophil degranulation, increased MPO and H,O, secretion, and aggravated myocardial
ischemia/reperfusion injury*'. H,O, was a highly active oxidative burst product closely related to the activation
of neutrophils*>. Meanwhile, serum biomarkers of OSA patients related to neutrophil degranulation were
significantly increased in this study. This suggested that activation and degranulation of neutrophils might occur
in peripheral circulation in OSA patients. In addition, we found cognitive scores and sleep parameters correlated
with these markers in OSA patients.

Suppressed NK cell counts and Interferon gamma (IFN y) levels in parallel with up-regulated infiltration
of T cell subgroups were also detected in non-obese OSA patients compared to health controls. Natural killer
cells (NK cells), the crucial producer of IFN vy, work as the sentinel defenders, endowed with other versatile
responsibilities?>. Except for their dominance in fighting viral infections and tumor cells, NK cells also regulated
the activities of several major innate immunity subsets**. NK cells might exert restraint and surveillance on
the intrinsic or adaptive immunity, thus contributing to the control of over-reactive autoimmunity*>°.
Notwithstanding, the intricate interactions between these immune cell groups remain obscure. Previous studies
have reported that the proportion of NK cells was elevated in OSA patients and was more pronounced in patients
with metabolic syndrome, more than half of OSA patients had obesity or metabolic syndrome might account
for the difference in results®’. DEFA4 encodes defensin alpha 4, which is identified as a short antibacterial
peptide released by neutrophils*3. Defensins play an indispensable role in pathogen clearance® and mediate the
recruitment and activation of inflammatory cells®®. Some fundamental research displayed their involvement in
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CD4"T memory cells (E) in healthy controls (N=10) and OSA patients (N=13), P<0.05 was considered to be
statistically significant.

various systemic inflammation-related conditions®'~>*. We noticed elevated DEFA4 transcriptional expression
was positively correlated with AHI, which indicates that DEFA4 might promote systemic inflammation derived
from stimulated neutrophils. Expression changes of DEFA4 were reported in many neurological disorders and
may be a consequence of the inflammatory state in vivo>*. Previous studies showed that DEFA4 expression was
upregulated in patients with Alzheimer’s disease, mild cognitive impairment®, schizophrenia®®, and idiopathic
Parkinson’s disease®” compared with controls. The results of this study suggested a negative correlation between
DEFA4 expression and MoCA score in OSA patients. The mechanism for this phenomenon remains unclear, we
speculate that it may be related to the inflammation induced by intermittent hypoxia.

Under the condition of hypoxia or inflammation, an increased level of BIRC5 often can be detected>®. Previous
studies have had uncertain results about BIRC5 in OSA. Some researchers found that BIRC5 was reduced in
the circulation of OSA patients™. In the hippocampus of the intermittent hypoxic rat model, BIRC5 increased
initially and then decreased with time®. Our PCR result of BIRC5 is not consistent with circulating levels
mentioned in previous studies, probably because the inclusion criteria and severity of the disease are different.
The protein product of the BIRC5 gene is survivin, a member of the apoptosis inhibitor protein family®!-2.
Survivin was reported to play an essential role in regulating neutrophil apoptosis. It is highly expressed in
immature neutrophils, which proliferate during differentiation. However, mature neutrophils contain little or no
survivin protein, and these cells re-express survivin under inflammatory conditions in response to granulocyte/
macrophage colony-stimulating factor or granulocyte colony-stimulating factor stimulation®. Recent studies
have suggested that neutrophil apoptosis can further trigger NETosis®. Elevated plasma HP level is often found
in patients suffering from infection, inflammation, and various malignant diseases due to its acute-phase nature
and ability to remove oxidative species from the circulation. In addition, HP can specifically combine with
hemoglobin and stimulate the monocyte/macrophage lineage®. Previous studies had detected an increase in
serum HP in OSA patients and found that its level was independently correlated with the AHI®, and this is
consistent with the trend of our PCR result. Another study showed no significant differences in haptoglobin
concentrations between OSA patients and controls®’. In addition, the phenotype of haptoglobin was reported
to be an essential risk factor in determining susceptibility to cardiovascular disease in OSA%S. However, data
from the Sleep Heart Health Study suggested there was no similar association between haptoglobin phenotype

Scientific Reports |

(2025) 15:3481

| https://doi.org/10.1038/s41598-025-88034-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

- .

30 * 5 ok
§ §
| N
s 20 s
3 3 3
g i
E 10 £
0
= O 14
I} x
a o
o 0
Control OSA Control OSA
4 *% 1.6 *
= T <
8 2
? 3
8 § 1.0
g 3
3 2 L
g Z
= 4
g E 0.5
Q' 2
z
T £
o 0.0-
Control OSA Control OSA
505 R o R _ 1o Re=0.803, P=0.002 7 Re-0.626, Pr0.025 704 R=0293, P=0.328 704 R=-0.580, P=0.041
§ § 2 604 . 60 . £ 604 . 604 .
. H 3
104 Ew S
g 2 g é 404 > 404 40 ‘ 404 "
5 N / E . . =~ .
s % s> $ 20 204 20 / 204
3 . b 3 B s — :
£ H - $
] ] ] P S g . .
o R o y 0 , : , 0 ; =4 , L ] 0 —
% e s o EEE T 4 0 80 100 85 % 95 100 0 H 2 1. o 2 2 » 30
Al (eventshour) DI (eventsmour) 1820, (%) MS80; (%) E5S score MoCA score
104 R=0.069, Pe0.824 159 R=0.137, Pe0.656 ™ R=0.151, P=0.620 159 R=0.033, Pe0.916 57 Sehoe, porer 15 Re-0.448, P=0.128
£ o . § . § 5 . + 4
£ - § 101 g7 104 104 104
o # H H
e £ s Bl — . 1 — 3 5o 1 .
% % e g 4 . - ¢ T & e . . T .
: L ¢ § e B T - e
v - v ) - v y o N .. o Y I S -
BN ¥ u» T “ » ) e 85 % 95 100 o s 7. u e 2 2 0
AHI (events/our) ODI (eventsiour) 15a0; (%) MSa0; (%) ESS score MoCA score
18: R=0.096, P=0.754. 109 R=0.066, P=0.835 104 R=0.281, P=0.350 10 R=0.025, P=0.938 109 R=0.188, P=0.535 104 R=-0.353, P=0.235.
5 ol % o . o ) o . 5] .
10 i . @ ] .
§ o £ o & 6 £ o
3 H
_— £ — g+ * & + * g *
. N —— 4 —
e = £ e . g - e T T—— . i PR H o e——
s L IR 82 cel e v e o . s 2 s 3 8
+———
o B e s m o % - —~ \ T r , . . )
AHI (eventsihour) DI (events/hour) = L o 1 8 % 9 100 0 6 L ) 2 2 30
1520, (%) W88, (%) €55 score MoCA score
159 Re0.404, Po0.ATH 15 Re0.324, Pe0.280 18 Re0360,P0225 159 Re0644,P=0020 15 R=0.125, P=0.684 1.5+ R=0.252, Pe0.402
N H . ] H § H
2 3 F] E 2
104 £10 §10 . £ 104 . £ 10 . £ 104 .
o . H H o H sl 1 NPT H : —
R fool LT B o H IS foel fuef ot
e -~ — - . . . . . I . .
¢ . H 2 . H e H . H .
- - , T v - , v , y 00l : ! . . .
o % 10 W e s 4 0 50 100 5 %0 100 o H 2 o1 2 2 2 P 30
At foventamour) 0D (eventsour) 1520, (%) MS80; (%) £SS score MoCA score

Fig. 6. Identification of hub DEGs and correlation analysis in OSA patients. (A) PPI network and hub genes
(red represents up-regulated DEGs, and blue represents down-regulated DEGs in OSA patients compared to
healthy controls). (B) Verification of neutrophil degranulation-related hub genes in OSA patients (N=13) and
healthy controls (N=10). *P<0.05, **P<0.01. (C) Relationships between sleep parameters, MoCA score and
neutrophil degranulation-related hub genes in OSA patients (N=13), P<0.05 was considered to be statistically
significant.
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Fig. 7. Serum markers of neutrophil degranulation and correlation analysis in OSA patients. (A) Serum levels
of Lipocalin-2, MPO, and H,0, in healthy controls (N=20) and OSA patients (N=20), *P<0.05, **P<0.01. (B)
Relationships between sleep parameters, MoCA score and serum markers of neutrophil degranulation in OSA
patients (N=20), P<0.05.

and prevalent cardiovascular disease in patients with sleep-disordered breathing. The authors thought that the
differences in conclusions might be due to different selection and older age of study subjects®’.

Continuous positive airway pressure (CPAP) has been referred to as “the gold standard therapy”>7? currently
for managing moderate-to-severe OSA. CPAP stabilizes cyclical airway pressure swings by bracing the lumen
structure’!. Substantial improvements in daytime sleepiness, quality of life, and inconsistent normalization of
measurements about complications have been testified in OSA patients under CPAP therapy’2. However, the
CPAP regimen was restricted by qualified adherence®’. In addition, the general cognitive function of OSA
patients declined, which was consistent with previous studies’”°. As the primary treatment for OSA patients,
CPAP could partly improve cognitive function but required patients to adhere to standard treatment for the
long term”®, which was contrained by poor clinical compliance. In this study, no significant improvement in the
dysregulated mediators was found, indicating that the therapeutic effect of CPAP on OSA was limited. More
attention should be paid to the requirement for additional treatments beyond the “one-fits-all” strategy.

We are aware of the limitations of our research. First of all, the sample size of this study was small. To avoid
bias, candidates in this study with the commonly seen comorbidities of OSA were excluded. Secondly, most of
the findings in this study were obtained from PBMC samples of OSA patients, so further verification and deeper
exploration from the perspective of neutrophils are required to confirm the connection between neutrophil
degranulation and cognitive impairment in OSA patients.

Conclusion

Comparison of PBMC transcriptional profile between the health controls and the non-obese middle-aged OSA
patients revealed several dysfunctional inflammation-related pathways. The pathological process with neutrophil
participation, especially degranulation, and corresponding potential regulators such as DEFA4, IFNG, HP, and
BIRC5 have been identified and validated as well as their correlations to clinical parameters. However, further
investigations are needed to explore the involvement of relative pathways in different subgroup OSA patients and
their changes after a well-adhered CPAP regimen.
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