BBA - Molecular Basis of Disease 1871 (2025) 167767

BBA

Contents lists available at ScienceDirect

. Molecular
Basis of Disease

BBA - Molecular Basis of Disease

ELSEVIER journal homepage: www.elsevier.com/locate/bbadis

L))

Check for

Red blood cell proteomic profiling in mild and severe obstructive sleep | e
apnea patients before and after positive airway pressure treatment

a,b,*

Cristina Valentim-Coelho , Joana Saraiva ™", Hugo Osério “*-°, Marilia Antunes’,
Fatima Vaz *°, Sofia Neves *”, Paula Pinto ", Cristina Barbara ", Deborah Penque """

& Laboratério de Proteémica, Departamento de Genética Humana, Instituto Nacional de Satide Dr. Ricardo Jorge — INSA, 1649-016 Lisboa, Portugal

b Centro de Toxicogenoémica e Satide Humana (ToxOmics), Comprehensive Health Research Center (CHRC), Universidade Nova de Lisboa, 1150-082 Lisboa, Portugal
¢ Instituto de Investigacao e Inovagao em Satide — i3S, Universidade do Porto, 4200-135 Porto, Portugal

4 Instituto de Patologia e Imunologia Molecular da Universidade do Porto — Ipatimup, 4200-135 Porto, Portugal

¢ Departamento de Patologia, Faculdade de Medicina, Universidade do Porto, 4200-319 Porto, Portugal

f Centro de Estatistica e Aplicagoes da Universidade de Lisboa e Departamento de Estatistica e Investigagao Operacional, Faculdade de Ciéncias, Universidade de Lisboa,
1749-016 Lisboa, Portugal

8 Servigo de Pneumologia, Centro Hospitalar Lisboa Norte — CHLN, 1649-035 Lisboa, Portugal

" Instituto de Satide Ambiental — ISAMB, Faculdade de Medicina, Universidade de Lisboa, 1649-026 Lisboa, Portugal

ARTICLE INFO ABSTRACT

Keywords: Obstructive Sleep Apnea (OSA) is characterized by recurrent-episodes of apneas/hypopneas during sleep, leading
Obstructive sleep apnea (OSA) severity to recurrent intermittent-hypoxia and sleep fragmentation. Non-treated OSA can result in cardiometabolic
Positive airway pressure (PAP) diseases

Glycolysis

In this study, we applied a shotgun-proteomics strategy to deeper investigate the red blood cell-(RBC) ho-
Pentose phosphate pathway (PPP) . .. . . . L. .
Proteasome system meostasis regulation in the context of OSA-severity and their response to six months of positive airway pressure
Red blood cells (PAP)-treatment. RBC-samples from patients with Mild/Severe-OSA before/after-PAP treatment and patients as
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simple-snoring controls were selected. The mass-spectrometry raw-data was analysed by MaxQuant for protein
identification/quantification followed by statistical Linear Models-(LM) and Linear Mixed Models-(LMM) to
investigate OSA-severity effect and interaction with PAP, respectively. The functional/biological network
analysis were performed by DAVID-platform.

The results indicated that key-enzymes of the Embden-Meyerhof-Parnas (EMP)-glycolysis and pentose phos-
phate pathway-(PPP) were differentially changed in Severe-OSA, suggesting that the Os-dependent metabolic
flux through EMP and PPP maybe compromised in these cells due to severe intermittent hypoxia/reoxygenation-
induced oxidative-stress events in these patients. The Rapoport-Luebering-glycolytic shunt showed a significant
downregulation across OSA-severity maybe to increase hemoglobin-O; affinity to adapt to Oy low availability in
the lung, although EMP-glycolysis showed decreased only in Severe-OSA.

Proteins of the immunoproteasome were upregulated in Severe-OSA maybe to respond to severe oxidative-
stress. In Mild-OSA, proteins related to the ubiquitination/neddylation-(Ub/Ned)-dependent proteasome sys-
tem were upregulated.

After PAP, proteins of Glycolysis and Ub/Ned-dependent proteasome system showed reactivated in Severe-
OSA. In Mild-OSA, PAP induced upregulation of immunoproteasome proteins, suggesting that this treatment
may increase oxidative-stress in these patients. Once validated these proteins maybe candidate biomarkers for
OSA or OSA-therapy response.

1. Introduction

Obstructive sleep apnea (OSA) is the most prevalent sleep respiratory
disorder, but the majority remains undiagnosed and thus untreated.
Nearly 1 billion adults aged 30-69 years worldwide may be affected by
OSA [1-3]. OSA is characterized by recurrent nocturnal episodes of
upper airway hypopnea/apnea for at least 10 s and in a number of 5
episodes or more per hour of sleep causing intermittent hypoxia and
sleep fragmentation associated with arousals, leading to cellular ho-
meostasis perturbation. OSA is classified as mild, moderate, or severe
based on the number of apneic events per hour [2,4,5].

Non-treated OSA can result in cognitive and behavioural deficits,
cardiovascular and metabolic disorders, such as hypertension, stroke,
diabetes mellitus and even cancer. These comorbidities are associated
with increased early morbidity and mortality in patients with OSA
compared with the general population of the same age group [2,4,6].
Integration of OSA screening into routine clinical care has therefore
been strongly recommended for the prevention of OSA and its related
outcomes. However, the gold standard for the diagnosis of OSA, the
nocturnal laboratory-based polysomnography (PSG), is expensive, time
consuming and not widely available. Portable home monitoring device
is an alternative but not without costs being confirmation by PSG often
necessary [2,5]. Positive airway pressure (PAP) has long been consid-
ered the first-line treatment for most patients with OSA because it is
efficacious, cost-effective, and non-invasive, although side negative ef-
fects have also been reported, and not all patients benefit from it [2,7].

For all these reasons, a cost-efficient blood biomarker for OSA
screening in a large population, the identification of individuals at risk
of developing this pathology and, consequently, the complications
associated with it, is needed, therefore allowing the prevention and
control of OSA and OSA outcomes. The identification of biomarkers able
to predict or monitor the effectiveness of PAP therapy will also advance
OSA clinical care [2,8].

In addition to plasma, red blood cells (RBCs) can be a useful bio-
logical source for biomarker research in OSA. RBCs are the most abun-
dant cells in the body (comprising over 80 %), acting as both
transporter, deliverer and sensor of oxygen (03) [2,9]. RBCs also play
noncanonical functions, including systemic antioxidant activity, control
of blood rheology, erythrocrine function (i.e., by releasing bioactive
molecules), as well as, a signaling mediator of the immune system
[10-12]. Dysfunction in RBC homeostasis has been described as a po-
tential source of systemic inflammation leading to metabolic and car-
diovascular diseases such as those resulting from non-treated OSA [2].

By using traditional 2D gel-based proteomics, our group investigated
for the first time the RBC proteome from OSA patients to better under-
stand this pathology underlying mechanisms, while uncover potential
biomarkers for OSA [2,13]. The results indicated that changes in RBC

proteins/proteoforms associated with the biological process such as cell
death, HyO, catabolic/metabolic process, stress response, and protein
oligomerization, involving redox regulators, might be compromising the
RBC homeostasis in OSA. PAP treatment showed to restore the modu-
lation of some of these proteins/proteoforms in patients [2,13].

In the present study, we applied a shotgun proteomics strategy to
deeper investigate the RBC homeostasis regulation in the context of Mild
and Severe clinical spectrum of OSA manifestation before and after six
months of PAP therapy. The main findings indicated that the proteome
associated with glycolysis energy metabolism, glutathione antioxidant
defence and proteasome system regulating protein degradation/
signaling mechanism are the main differentially modulated in OSA
severity spectrum and response to PAP treatment.

2. Material and methods
2.1. Patients and samples

One hundred four consecutive male subjects with clinically sus-
pected OSA syndrome were recruited under informed consent for blood
biobanking collection, clinical and biochemical evaluation as we pre-
viously described [2,14]. Exclusion criteria were female gender (to
avoid hormonal influence), shift workers, other sleep disorders and
comorbidities (e.g., neuromuscular disease, heart failure, diabetes,
neoplasia, acute disease) and previous PAP treatment.

Patients with suspected OSA were hospitalized overnight at the sleep
laboratory for the polysomnography (PSG) study according to standard
procedures. PAP therapy was prescribed for patients diagnosed with
OSA (RDI > 5/h) as we previously described [2,14]. Biochemical ana-
lyses were performed according to the hospital standard procedures,
including 24 h urinary catecholamines, glycemic and lipidic profiles and
complete hemogram at the baseline (t0, hospitalization day for PSG
diagnosis) and after treatment (t6, after six months of PAP treatment).
Venous blood samples were collected on the evening of the day of
admission and the next day morning after overnight fasting into EDTA-
coated polypropylene tubes for a biobank sample preparation as
described in our previous studies [2,13-15]. Fasting morning blood
samples were also collected from patients after six months of PAP
treatment for biobanking as mentioned above.

From the biobank, only ‘morning’ RBC samples corresponding to
subjects with primary snoring (RDI < 5/h, n = 23), patients with Mild
(RDI > 5/h, but <15/h, n = 16) and Severe OSA (RDI > 30/h, n = 17)
before and after six months of PAP treatment, were selected for this
shotgun proteomics study (Table 1).

The protocol of this project was approved by Ethics Committees of
the Centro Hospitalar Lisboa Norte (CHLP), Hospital Santa Maria, Lis-
boa, Portugal (January 6, 2012) and Instituto Nacional de Satide Doutor
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Table 1

Cohort demographic data & polysomnographic and clinical parameters.
Data/parameters Snorers All OSA Mild Severe
Subjets (100 % male) (n) 23 33 16 17
Age (years) 44.8 (9.6) 46.9 (7.5) 46.1 (8.5) 47.6 (6.6)
Current Smoking (n) 9 5 2 3

Observational features
Morning arterial pressure (mmHg)#

134.9 (17.2)/83.4 (11.9)

131.4 (17.6)/84.4 (11.7)

129.1 (19.3)/79.9 (10.3)

133.5 (16.1)/88.5 (11.7)

BMI (kg/m?) 27.2 (3.2) 30.3 (3.1)** 29.2 (2.9)* 31.3 (2.9)**2
Abdominal perimeter (cm) 97.5 (7.7) 105.8 (8.5)** 102.8 (7.2)* 108.8 (8.8)**~
Comorbidities
Hypertension (n) 6 22 9 13
Respiratory diseases (n) 0 0 0 0
Dyslipidemia (n) 9 18 7 11
Diabetes (n) 0 0 0 0
Polysomnographic parameters
RDI (events/h) 2.7 (1.4) 32.5 (26.2)** 9.2 (2.4)** 54.4 (17.7)**44
ODI (events/h) 2.2(3.3) 27.5 (26.0)** 6.8 (2.7)** 47.0 (22.7)**44
Sleep efficiency (%) 78.1 (12.2) 75.2 (16.7) 77.8 (15.9) 72.6 (17.5)
Arousal index (%) 14.2 (6.0) 29.3 (17.8)** 17.5 (6.3) 40.5 (17.9)**44
Minimum arterial saturation (%) 89.3 (2.9) 82.8 (6.2)** 85.6 (3.8)* 80.1 (6.9)***
PAP treatment

All OSA Mild Severe
Before/after PAP - t0 to t0 to t0 t6
EPW Score 9.5 (4.8) 10.9 (5.0) 6.3 (4.6)** 11.81 (4.4) 7.0 (7.8)** 10.1 (5.5) 5.7 (4.5)*
PAP record
Number of days without use - - 44.1 (49.0) - 41.6 (40.1) - 46.5 (57.3)
Total of recording days - - 271.7 (121.4) - 249.8 (91.8) - 292.2 (143.6)
Residual AHI - - 1.7 (1.3) - 1.8(1.2) - 1.7 (1.3)
Analytical parameters
Glycemic profile
Glucose (70-110 mg/dL) 92.9 (7.9) 96.2 (12.2) 94.5 (14.2) 92.6 (9.5) 91.1 (9.1) 99.5 (13.7) 97.7 (17.3)
Hb A1C (4-6 %) 5.5 (0.4) 5.6 (0.4) 5.6 (0.6) 5.5 (0.4) 5.5 (0.4) 5.8 (0.4)* 5.8 (0.8)
Insulin (3-25 mU/L) 12.4 (6.1) 16.9 (10.4) 25.8 (32.1) 10.6 (4.1) 11.2 (4.7) 22.8 (11.1)**44 39.6 (40.3)44
HOMA-IR (>3.8) 2.9 (1.5) 4.1(2.6) 6.4 (8.7) 2.4 (0.9) 2.5(0.9) 5.7 (2.7)%*44 10.1 (10.9)**
Lipid profile
Cholesterol (<190 mg/dL) 190.3 (37.0) 189.2 (40.4) 184.0 (32.4) 189.7 (50.4) 184.2 (31.7) 188.7 (29.6) 183.9 (34.0)
Triglycerides (<150 mg/dL) 118.9 (62.9) 135.4 (64.8) 142.9 (85.0) 119.3 (55.0) 117.7 (49.8) 150.6 (71.1)* 166.5 (104.3)
Cardiovascular marker
Homocysteine (3.7-13.9 pmol/L) 15.4 (3.8) 16.5 (6.9) 17.4 (5.7) 17.2 (9.6) 18.5 (7.6) 15.9 (2.7) 16.5 (3.1)
Urinary catecholamines
Adrenalin (1.7-22.4 pg/24 h) 20.4 (17.7) 17.0 (12.0) 17.3 (9.7) 16.3 (14.2) 17.0 (7.4) 17.7 (9.8) 17.5 (11.7)*
Nor-adrenalin (12.1-85.5 pg/24 h) 64.0 (29.4) 70.1 (33.6) 56.7 (20.8) 65.3 (37.2) 57.5 (17.7) 74.6 (30.3) 56.0 (23.9)

Dopamine (0-498 pg/24 h)

Complete hemogram

RBC (4.5-5.9 x 10'%/L)
Hemoglobin (13-17.5 g/dL)
Hematocrit (40-50 %)

MCV (80-97 f)

RDW (11.5-14.5)

Platelets (150-450 x 10° uL)

375.5 (201.0) 345.2 (181.0)

5.1(0.4) 5.2 (0.3)
15.3 (0.8) 15.6 (1.0)
45.0 (2.1) 45.7 (3.0)
89.1 (5.6) 88.7 (3.9)
13.5(0.5) 13.5(0.7)
232.2 (47.5) 224.4 (50.3)

320.6 (134.3)

5.0 (0.3)*
15.1 (0.9)**
44.3 (2.8)*
88.6 (3.5)
13.6 (0.7)
205.7 (48.4)*

339.7 (211.1)

5.1 (0.3)
15.2(0.8)
44.8 (2.5)
88.5(3.9)
13.2(0.7)
231.9 (55.6)

311.7 (126.2)

4.9 (0.3)*
14.9 (0.7)*
43.2 (2.3)*
88.3 (2.9)
13.5(0.7)
213.5 (54.7)*

350.3 (153.9)

5.2 (0.3)
15.9 (1.1)4
46.6 (3.2)
88.8 (4.0)
13.8 (0.6)*
217.4 (45.3)

329.0 (144.8)

5.1 (0.3)*
15.3 (1.1)**
45.4 (2.8)**
88.6 (4.0)
13.8 (0.6)
198.5 (41.9)

Statistical significance: **p value < 0.001 and *p value < 0.05, comparing non-treated (t0) OSA (all/mild/severe) vs Snorers, or OSA (all/mild/severe) after (t6) vs
before PAP treatment (t0); AAp value < 0.001 and Ap value < 0.05, comparing Severe OSA vs Mild OSA before (t0) or after PAP (t6). #PA max/PA min.
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Ricardo Jorge, Lisboa, Portugal (April 9, 2013). The project was regis-
tered at the Comissao Nacional de Protecao de Dados (CNPD) and all
patients gave written informed consent (Table 1).

2.2. RBC sample preparation

In brief, RBCs samples were obtained after blood centrifugation for
10 min. at 1800 rpm at 4 °C, washed three times with PBS, discarding as
much as possible the supernatant containing leukocytes and platelets,
and the final pellet containing >99 % of RBCs were aliquoted for storage
in a — 80 °C biobank until used. The selected samples were randomly
pooled (n = 3 per group/condition) and lysed (1:6) with 5 mM sodium
phosphate buffer pH 7.4 containing 100 mM of N-ethylmaleimide, a
reagent that alkylates free sulfhydryl groups, and 1:100 cocktail of
protease inhibitors (P8340, Sigma Aldrich, Darmstadt, Germany) for 10
min at 4 °C followed sonication in an ultrasonic bath during 1 min. After
centrifugation at 25,000 xg for 20 min, at 4 °C (Centrifuge 5417R,
Eppendorf, Hamburg, Germany), the supernatants were recovered for
hemoglobin (Hb) depletion using Hemovoid depletion columns (Biotech
Support Group, Monmouth JCT, NJ, USA), according to the manufac-
ture’s protocol. The fractions obtained after depletion were concen-
trated and buffer-exchanged with 25 mM NH4HCOs pH 8.4 by
centrifugal filtration using 3 kDa Molecular Weight Cut-Offs (MWCO)
0.5 mL sample volume (Amicon Ultra-0.5, Millipore, Darmstadt, Ger-
many) spin concentrators. The protein concentration was determined by
a colorimetric assay (Pierce™ 660 nm Protein Assay Kit, Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s proto-
col. Samples were dried using a SpeedVac (Concentrator Plus, Eppen-
dorf, Hamburg, Germany) and stored at —80 °C until use.

2.3. Peptide preparation: in-solution digestion

In dried Hb-depleted pooled samples, each containing 50 pg of pro-
tein, 90 pL 6 M urea was added, followed by sample reduction with 10
mM dithiothreitol (DTT) solution (in 200 mM NH4HCO3) and incubation
for 1 h at 37 °C with shaking (300 rpm). The samples reduced were
alkylated by adding 20 mM iodoacetamide (IAA) solution (in 200 mM
NH4HCOs3) and incubation proceeded for 30 min at room temperature,
in the dark. The samples were diluted with 200 mM NH4HCOs for a final
concentration of 1 M urea and the trypsin was added in a 1:20 (enzyme:
protein) ratio. The digestion took place overnight (no >16 h and with
agitation at 300 rpm); then CaCl, was added (10 mM CaCl, - final
concentration in sample), followed by chymotrypsin digestion at 1:20
(enzyme:protein) ratio and incubation at 37 °C, for 4 h-6 h with agita-
tion (300 rpm). The digestion reaction was inhibited by acidification
with 10 % formic acid final volume and after centrifugation at 232 xg by
5 min (mixed well). Samples were dried in speed vacuum. The resulting
peptides were cleaned using C18 spin columns (BioPureSPN™ Macro
Desalting Columns, 35-350 pg maximum capacity, The Nest Group,
USA) for salt removal and sample preparation for MS, according to the
manufacturer’s protocol.

2.4. Protein identification by shotgun proteomics

2.4.1. LC-MS/MS analysis

The peptides purified obtained were processed using a nano LC-MS/
MS, composed by an Ultimate 3000 liquid chromatography system
coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Scientific, Bremen, Germany). Samples were loaded onto a
trapping cartridge (Acclaim PepMap C18 100 A, 5 mm x 300 pm i.d.,
160,454, Thermo Scientific, Bremen, Germany) in a mobile phase of 2 %
ACN, 0.1 % FA at 10 pL/min. After 3 min loading, the trap column was
switched in-line to a 50 cm by 75 pm inner diameter EASY-Spray column
(ES803, PepMap RSLC, C18, 2 pm, Thermo Scientific, Bremen, Ger-
many) at 250 nL./min. Separation was generated by mixing A: 0.1 % FA
and B: 80 % ACN, with the following gradient: 5 min (2.5 % B to 10 % B),
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120 min (10 % B to 30 % B), 20 min (30 % B to 50 % B), 5 min (50 % B to
99 % B), and 10 min (hold 99 % B). Subsequently, the column was
equilibrated with 2.5 % B for 17 min. Data acquisition was controlled by
Xcalibur 4.0 and Tune 2.9 software (Thermo Scientific, Bremen,
Germany).

The mass spectrometer was operated in data-dependent (dd) positive
acquisition mode alternating between a full scan (m/z 380-1580) and
subsequent HCD MS/MS of the 10 most intense peaks from full scan
(normalized collision energy of 27 %). Electrospray ionization (ESI)
spray voltage was 1.9 kV. Global settings: use lock masses best (m/z
445.12003), lock mass injection Full MS, chrom. peak width (Full width
at half maximum—FWHM) 15 s. Full scan settings: 70 k resolution (m/z
200), automatic gain control (AGC) target 3 x 106, maximum injection
time 120 ms; dd settings: minimum AGC target 8 X 10%, intensity
threshold 7.3 x 10%, charge exclusion: unassigned, 1, 8, >8, peptide
match preferred, exclude isotopes on, dynamic exclusion 45 s. MS2
settings: microscans 1, resolution 35 k (m/z 200), AGC target 2 x 105,
maximum injection time 110 ms, isolation window 2.0 m/z, isolation
offset 0.0 m/z, dynamic first mass, and spectrum data type profile.

2.5. Protein identification and label-free quantification

Raw data corresponds to the three technical replicates from each
pool. The raw data were analysed with Andromeda search engine within
MaxQuant freeware software (version 1.5.8.3) [16], using a human
protein sequence database from the UniProt Knowledgebase (Uni-
ProtKB) (February 4, 2022). The search was performed with Carbami-
domethylation, Oxidation of Methionine and N-ethylmaleimide of
cysteine as variable modifications. Trypsin/P and chymotrypsin were
selected as proteases allowing up to two missed cleavages, and the
peptide mass was limited to a maximum of 4600 Da. Mass search tol-
erances were 20 ppm and 0.5 Da for MS and MS/MS, respectively.
Peptide spectrum matching (PSM), protein and site were both applied at
1 % false discovery rate (FDR). Label-free quantification with a mini-
mum ratio count of 2 was used, where unique and razor peptides were
employed for quantification. In general, parameters in MaxQuant have
not been changed from their default values unless explicitly stated. The
identified proteins are shown in Table S1 in Supplementary material.

The obtained MS results were processed by Perseus platform v2.0.7.0
for protein identification and label-free relative quantification [17].
Proteins identified with a high confidence MaxQuant-Andromeda score
> 40, at least one unique peptide and one MS/MS count among the
different groups were selected for further statistical analysis. For that,
protein LFQ intensity values were log, transformed, and missing values
imputed from a mean of intensities around the detection limit of the
mass spectrometer.

2.6. Protein annotation and classification

Protein annotation properties were acquired using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) v2021
(Frederick National Laboratory, USA) [18]. This open-source tool re-
trieves a set of biological and functional information such as Gene
Ontology (GO terms - subcellular location, molecular function and
biological process) and analysis of biological pathways through Reac-
tome platform with p value < 0.05. The Reactome pathways are shown
in Fig. 3.

2.7. Statistical analysis

2.7.1. Clinical parameters

Descriptive analyses for clinical and analytical data were expressed
as mean + standard deviation (SD). Nonparametric tests (distribution
free tests) were used to analyse ordinal data, to statistically compare two
groups. Mann-Whitney test was employed to compare Snorers and OSA
groups (all OSA t0, Mild t0 and Severe t0 conditions) and between OSA
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severity groups for tO and t6 (Mild and Severe). Wilcoxon test was used
to evaluate the effect of (before/after) PAP treatment on the different
OSA groups. The statistical analysis was performed using IBM SPSS
Statistics 28 (Armonk, NY, USA) and the level of statistical significance
set at 5 % (p value < 0.05).

2.7.2. Differential protein abundance analysis

Differences in protein abundance (logs transformed) between pools
of the control (Snorers) and OSA groups (Mild, Severe) before and after
PAP treatment, were determined by simple linear regression. Fitting for
each protein emulated the following model,

Protein Abundance ~ Group

in which, as demonstrated, Group was the predictor when comparing all
OSA patients or patients with Mild or Severe OSA with Snorers.
Concomitantly, for differences in protein expression throughout time
a linear mixed-effects model was applied, where a parameter accounting
for the repeated measures of the pools, with the same individuals,
measured at tO and t6 was added, following one of the models:

Protein Abundance ~ Time + (1|IDpoo1)

or
Protein Abundance ~ Group x Time + (1|IDpoo1)

Time alone was used as a predictor when comparing all OSA before
and after PAP treatment; and Group, Time, and the interaction term
Group x Time were the explanatory variables when comparing OSA
severity groups (e.g., Mild, Severe) and PAP treatment effect.

Statistical analysis was performed in R version R-4.3.2, through the
RStudio 2022.12.03 (Boston, MA, USA) workbench. For model’s esti-
mation lme4 package was used, and the p values for model fits were
determined by Satterthwaite’s degrees of freedom method, by the
ImerTest package [19,20].

For additional group/time comparisons, in the former, group or time
were used as a main effect, while in the latter, time, group and the
interaction term time x group and or just time as predictors, in both
models, the package emmeans was used to obtain estimated marginal
means, and the contrasts and respective confidence intervals determined
[21]. P value adjustment for multiple comparisons was executed
through the Dunn-Sidak correction (control family-wise error rate).
Representation of the contrast results was through forest plots, using the
ggplot2 package [22,23]. Bars and Spaghetti graphs were used to plot
the LM and LMM results, respectively. Additional packages included
tidyverse and dplyr for data manipulation [24,25].

3. Results
3.1. Clinical presentation, biochemical, and metabolic characteristics

The significant results are summarized in Table 1. PSG parameters
were significantly different between non-treated (t0) OSA patient’s
groups and the Snorer group (Mann-Whitney test p value < 0.001), as
expected. The body mass index (BMI) and abdominal perimeter were
increased in all non-treated (t0) OSA (Mann-Whitney test p value <
0.001), either with Mild OSA (Mann-Whitney test p value < 0.05), or
Severe OSA (Mann-Whitney test p value < 0.001), when compared with
Snorer controls. Insulin resistance, determined by homeostatic model
assessment of insulin resistance (HOMA-IR), and the lipid profile for the
triglycerides were significantly increased in Severe OSA t0 (Mann-
Whitney test p value < 0.001) but not in patients with Mild OSA t0,
compared with the control group. The hematological parameters, RBC
and hemoglobin, displayed a significant increase, and the platelets a
decrease in all non-treated OSA patients compared to Snorers (Mann-
Whitney test p value < 0.05). In terms of severity, modulation of PSG
parameters (Mann-Whitney test p value < 0.001), as well as BMI,
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abdominal perimeter, HbA1C, Insulin, HOMA-IR, RBC, hemoglobin and
RDW (Mann-Whitney, p value < 0.05) was noted, showing higher levels
in Severe OSA subjects when compared with Mild OSA subjects, at t0.

After six months (t6) of PAP treatment (compliance with mean usage
>4 h night), patients reported a significant decrease in excessive day-
time somnolence, as evaluated by the Epworth Sleepiness Scale (EPW)
score; the hemogram data, although showing clinical normal reference
values, revealed a slight but significant decrease in hemoglobin con-
centration and RBC, hematocrit and platelet counts after PAP treatment
(Wilcoxon test, p value < 0.05).

There were no significant changes in glucose and lipid profile and
cardiovascular marker after PAP treatment. However, in patients with
Severe OSA at t6, an increase in urinary adrenalin catecholamine was
discerned (Wilcoxon test, p value < 0.05).

3.2. Shotgun proteomics of OSA RBCs

In total, 1466 proteins were identified by shotgun proteomics on
hemoglobin depleted RBCs samples, being 362 proteins identified with a
high confidence MaxQuant-Andromeda score > 40.

Fig. 1 displays the Venn diagrams with the distribution of the 362
identified proteins among the different groups/conditions, i.e., between
Snorers and All OSA at t0 and t6 (Fig. 1, A) or between Snorers and
patients with Mild OSA or Severe OSA at t0 and t6 time point (Fig. 1, B).
The majority of these proteins were identified in all groups/conditions,
being few proteins identified as unique to each group/condition or be-
tween the different groups.

3.3. Proteomics data analysis by LM and LMM statistical approaches

346 proteins identified with at least one unique peptide and one MS/
MS count in all technical triplicate were quantified and statistically
analysed across all sample groups/conditions. Proteomic data is shown
in the Supplementary material Table S1. Protein normalized abundance
values of each protein were fitted using simple regression (LM) and
mixed-effects models (LMM). In the former, group was used as a main
effect, while in the latter, time or time, group and the interaction term
time x group as predictors.

Fig. 2 depicts the forest plots of the proteins shown to be significantly
modulated among Snorer control and all OSA patient’s group across the
time points, t0 and t6. A total of 29 differentially expressed proteins
were identified in all OSA patients (t0) compared with Snorers (LM p
value < 0.05) (Fig. 2, A). OSA patients before (t0) and after six months of
PAP treatment (t6) exhibited significant differential changes (LMM p
value < 0.05) in 37 proteins (Fig. 2, B).

Compared with Snorer group, non-treated Mild OSA or Severe OSA
(t0) presented 14 and 27 significant differentially expressed proteins
(LM p value < 0.05), respectively (Fig. 2, C, D). Six months of PAP
treatment induced significant changes (LMM p value < 0.05) in 22 and
11 proteins in Mild OSA and Severe OSA, respectively (Fig. 2, E, F). By
comparing OSA patients in terms of disease severity, i.e., Severe OSA
versus Mild OSA, before treatment (t0) or post-treatment (t6), a total of
47 and 21 differentially expressed proteins (LMM p value < 0.05) were
identified, respectively (Fig. 2, G, H). The abundance of differentially
expressed proteins (log, transformed), the fold change (log>FC) and the
values of corresponding adjusted p are shown in Table S2 in Supple-
mentary material.

3.4. Reactome pathways

The differentially expressed proteins identified by the LM and LMM
statistical approaches with p value < 0.1 were further analysed by the
DAVID platform v2021 to retrieve the most significant Reactome path-
ways (p value < 0.05), taking into consideration the RBC activity and
function.

Fig. 3 shows the obtained results displayed by Bubble Charts. In all
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Fig. 1. Venn diagram analysis of proteins identified with MaxQuant-Andromeda high confidence score. (A) Venn diagram representing the overlap of identified
proteins between Snorers and all OSA before (t0) and after six months of PAP treatment (t6). (B) Venn diagram representing the overlap of identified proteins
between Snorers and Mild and Severe OSA subgroups before (t0) and after treatment (t6). MaxQuant-Andromeda high confidence score was established as >40.

OSA (t0), a total of 45 differentially expressed proteins showed to be
associated with translocation of GLUT4 to the plasma membrane,
negative regulation of MAPK pathway, deubiquitination, immune sys-
tem and programmed cell death (Fig. 3, A). In response to PAP treat-
ment, the 55 differentially expressed proteins identified in all OSA were
involved with cellular response to chemical stress, alterations in immune
system, signaling by interleukins, programmed cell death, ubiquitina-
tion and proteasome degradation, glutathione conjugation and pentose
phosphate pathway (Fig. 3, B). In Mild t0 group, compared with Snorer,
the 33 differentially expressed proteins were associated with cellular
response to chemical stress, O2/CO, exchange in erythrocytes, neutro-
phil degranulation, immune system, neddylation, ubiquitination and
proteasome degradation and cellular response to hypoxia (Fig. 3, C).
When compared with Snorer, Severe OSA group (t0) showed a greater
number of significant differentially expressed proteins than Mild OSA
group, 55 proteins with p value < 0.1. These proteins showed to be
associated with pathways such as glucose metabolism, programmed cell
death, glycolysis, neddylation, cellular response to stress and hypoxia,
and deubiquitination (Fig. 3, D).

In response to PAP treatment, a total of 47 and 21 differentially
expressed proteins with LMM p value < 0.1 were identified, respec-
tively, in Mild OSA and Severe OSA. In Mild OSA, the differentially
expressed proteins were associated with interleukins signaling, immune
system, programmed cell death, glucose and pyruvate metabolism,
ubiquitination and proteasome degradation (Fig. 3, E). In Severe OSA,
these proteins were shown to be associated with cellular response to
chemical stress, neddylation, T cell receptor (TCR) signaling, innate
immune system and programmed cell death (Fig. 3, F).

By comparing Severe OSA tO versus Mild OSA t0, 67 differentially
expressed proteins were identified as related with cellular response to
chemical stress and to hypoxia, O5/CO, exchange in erythrocytes,
glycolytic pathways as glucose metabolism, innate immune system,
neddylation, programmed cell death, detoxification of reactive oxygen
species and ubiquitination and proteasome degradation (Fig. 3, G). After
PAP treatment (t6), the 25 differentially expressed proteins identified
between Severe OSA and Mild OSA, showed to be associated with
cellular response to chemical stress and to stimuli, membrane traf-
ficking, diseases of metabolism, purine catabolism and neurodegenera-
tive diseases (Fig. 3, H).

3.5. Proteins of glycolysis cycle and glutathione synthesis were
differentially modulated in OSA severity and OSA severity response to PAP
treatment

In an attempt to evaluate the Mild and Severe spectra of OSA severity
and their response to PAP treatment, the RBC proteomics data were

analysed by a linear regression analysis using log, transformed LFQ
protein intensity values as the response variable. The comparison of
each OSA group (Mild and Severe) with the control (Snorers) was per-
formed by a simple linear regression model (LM), while the comparison
of Mild or Severe OSA response to PAP treatment, a linear mixed model
(LMM) was employed to assess potential proteome differences between
groups at t0, as well as the proteome variation through time (tO vs t6),
which could be attributed or associated with the treatment. P values
were adjusted to control for the multiple testing problem through the
application of the Dunn-Sidék correction with a 5 % significance level
using the emmeans package in R.

Several proteins of both the Embden-Meyerhof-Parnas (EMP) pathway
and pentose phosphate pathway (PPP) of glycolysis cycle, and proteins
of glutathione (GSH) synthesis were identified differentially modulated
according to OSA severity spectrum and their response to PAP treatment
(Figs. S1 and 4).

In Severe OSA, the EMP glycolytic proteins such as the fructose-
bisphosphate aldolase C (ALDOC) was significantly increased while
pyruvate kinase (PKLR), l-lactate dehydrogenase A chain (LDHA) and I-
lactate dehydrogenase B chain (LDHB) PKLR, LDHA and LDHB showed a
significant decrease compared to Snorers (Fig. S1, A-D) (LM p value =
0.042, p value = 0.029, p value = 0.005 and p value = 0.012,
respectively).

The bisphosphoglycerate mutase (BPGM), a central enzyme in the
Rapoport-Luebering shunt of EMP glycolytic pathway, was significantly
decreased in both Mild OSA (LM p value = 0.001) and Severe OSA (LM p
value = 0.043) compared with Snorers (Fig. S1, E). The carbonic
anhydrase 2 (CA2) was also found significantly decreased but only in
Mild OSA (LM p value = 0.007) (Fig. S1, F).

In Severe OSA, the key regulator of the non-oxidative PPP (non-
oxiPPP) arm involved in purine salvage reactions, the ribose-5-
phosphate isomerase (RPIA), exhibited a significant increase
compared to controls (LM p value = 0.028) (Fig. S2, G).

Two proteins associated with GSH synthesis, a key molecule in
antioxidant defence, were also found differentially modulated in OSA
severity. The gamma-glutamylcyclotransferase (GGCT) was decreased in
Mild OSA (LM p value = 0.037), and the glutathione synthetase (GSS)
increased in Severe OSA (LM p value = 0.009) (Fig. S1, H, I). The
cytosolic aspartate aminotransaminase (GOT1), that also contributes to
NADPH and reduced GSH generation, showed an increase only in Severe
OSA compared with Snorers (LM p value = 0.004) (Fig. S2, J).

In response to PAP treatment, several proteins of Glycolytic and GSH
synthesis pathways were also found differentially modulated and some
of this modulation showed interaction with OSA severity condition.

The glycolytic enzymes, fructose-bisphosphate aldolase A (ALDOA)
and ALDOC were higher in Severe OSA, compared with Mild OSA at t0
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Fig. 2. Forest plots of differentially expressed proteins estimated from the linear model (LM) and linear mixed model (LMM) regression analysis. Proteins (gene name
- UniProtKb) with p value < 0.01 (black) and p value < 0.05 (grey) significance threshold are shown in (A) All non-treated OSA (t0) compared with Snorers; (B) All
OSA after six months of PAP treatment (t6) compared to before treatment (t0); (C) non-treated Mild OSA (t0) compared with Snorers; (D) non-treated Severe OSA (t0)
compared with Snorers; (E) Mild OSA after six months of PAP treatment (t6) compared with Mild OSA before treatment (t0); (F) Severe OSA (t6) compared with
Severe OSA (t0); (G) non-treated Severe OSA compared with non-treated Mild OSA; (H) PAP treated Severe OSA (t6) compared with PAP treated Mild OSA (t6).
Diamonds indicate the point estimate the mean difference (mean - is the difference in effect between the study groups) and horizontal lines indicate the 95 %
confidence intervals (CI) of the study results, each end of the line representing the boundaries of the confidence interval. P value adjustment for multiple comparisons

was executed through the Dunn-Sidak correction (control family-wise error rate).

(LMM p value = 0.004 and p value = 0.005, respectively) and after PAP,
they increased in Mild OSA (LMM p value = 0.02 and p value = 0.005,
respectively), but decreased in Severe OSA (Fig. 4, A, B). Changes in
ALDOA and ALDOC in response to treatment showed significant inter-
action with disease severity (LMM p value = 0.02 and p value = 0.012,
respectively).

Before treatment, GAPDH was significantly lower in Severe OSA
(LMM p value = 0.036), presenting a tendency to increase towards the
levels of the control group following PAP (Fig. 4, C), while in Mild OSA,
GAPDH presented no significant changes across time.

Phosphoglycerate kinase 1 (PGK1) catalyses one of the two ATP-
producing reactions in the glycolytic pathway, before treatment it was
shown to be lower in Severe OSA compared to Mild OSA, but this dif-
ference was not significant. However, in response to PAP treatment, it
showed a significant interaction with OSA severity (LMM p value =
0.013) (Fig. 4, D).

The BPGM showed lower in Mild OSA compared with Severe OSA
(LMM p value = 0.028) and after PAP, it increased in Mild OSA but
decreased in Severe OSA respectively (was not significant) (Fig. 4, E).

Before PAP, the glycolytic alpha-enolase (ENO1) was significantly
higher in Severe OSA (LMM p value = 0.002), while PKLR, LDHA and
LDHB were lower compared to Mild OSA (LMM p value = 0.019, p value
~ 0 and p value = 0.001, respectively). After treatment, ENO1 decreased
in Severe OSA, but significantly increased in Mild OSA (LMM p value =
0.004). In contrast, PKLR, LDHA and LDHB presented an increase in
Severe OSA, after treatment (LMM contrasts, p value = 0.0265 and p
value = 0.042, respectively). The opposite was observed in Mild OSA,
where the levels of LDHA and LDHB were lower following treatment
(LMM p value = 0.007 and p value = 0.001, respectively); and no sig-
nificant changes were observed for PKLR (Fig. 4, F-I).

Proteome alterations in the oxidative and non-oxidative PPP arms
were also identified. The key enzyme of the oxidative PPP (oxiPPP) for
the production of NADPH, the glucose-6-phosphate 1-dehydrogenase
(G6PD) that was found decreased in Severe OSA compared to Mild
OSA, although without statistical significance increased significantly in
Severe OSA but decreased in Mild OSA in response to PAP (LMM
interaction p value = 0.016) (Fig. 4, J).

The non-oxiPPP enzyme, RPIA, was significantly increased in Severe
OSA compared to Mild OSA (LMM p value = 0.001), while transaldolase
(TALDO1) decreased although not significantly. After PAP, RPIA
increased (LMM contrasts, p value = 0.0035) and TALDO1 decreased in
both OSA groups (LMM, Mild at t6 p value = 0.013 and Severe at t6 was
not significant) (Fig. 4, K, L).

Associated with GSH synthesis, the proteins that showed statistical
significance were lactoylglutathione lyase (GLO1), malate dehydroge-
nase (MDH1), GOT1, GGCT and GSS (Fig. 4, M-Q). GLO1 derives its
name from its catalysis of the first step in the glyoxalase system, a critical
two-step detoxification system for methylglyoxal, leading to GSH pro-
duction and reutilization cycling (Fig. 4, V). Before treatment, GLO1
level was higher in Severe OSA than in Mild OSA (LMM p value = 0.001).
After PAP, GLO1 decreased in Severe OSA but significantly increased in
Mild OSA (LMM p value = 0.021), both towards Snorer level (Fig. 4, M).
MDHI1, GOT1, GGCT and GSS were all at higher levels in non-treated
Severe OSA (LMM p value = 0.021, p value =~ 0, p value = 0.015 and
p value =~ 0, respectively) (Fig. 4, N-Q). After PAP, MDH1 decreased
significantly only in Mild OSA (LMM p value = 0.012) but not in Severe
OSA, which increased the difference between them at t6 (LMM

contrasts, p value = 0.0071). GOT1 significantly increased after PAP
(LMM p value = 0.049) only in Mild OSA. Differential response to PAP
showed significant for GOT1 regarding the severity (LMM p value =
0.036).

The membrane protein, band 3 anion transport protein (SLC4Al),
was decreased in Mild OSA compared to Severe OSA and after treatment
increased significantly (LMM p value = 0.029). Ankyrin-1 (ANK1) and
erythrocyte membrane protein band 4.2 (EPB42) were also found
significantly modulated between OSA severities (LMM p value = 0.013
and p value = 0.023, respectively) (Fig. 4, R-T). After PAP, ANK1
decreased only in Mild OSA, while EPB42 increased in both OSA se-
verities but without statistical significance (Fig. 4, S, T).

Lower level of CA2 was found in Mild OSA compared with Severe
OSA (LMM p value = 0.018). Following PAP, this protein decreased in
both Mild OSA and Severe OSA, being most significant in the latter
although without statistical significance (Fig. 4, U).

3.6. Proteins of Ubiquitin and Ubiquitin-like (Neddylation and
Sumoylation) Proteasome System (UPS) were differentially modulated in
OSA severity and OSA severity response to PAP treatment

Several proteins of the Ubiquitin/Ubiquitin-like (Sumoylation/Ned-
dylation) and Proteasome System were found differentially modulated
in the two spectra of OSA severity, as well as in their response to PAP
treatment, estimated by LM and LMM statistical models (Figs. S2 and 5).

By comparing non-treated Mild OSA or Severe OSA with Snorers (as
intercept), ten differentially expressed proteins were identified with LM
p value < 0.05, as part of the Ubiquitination and Neddylation of the
Proteasome System (Fig. S2).

The ubiquitin-conjugating enzyme E2 K (UBE2K) was higher in Mild
OSA compared to Snorers control (LM p value = 0.033). Severe OSA, on
the other hand, presented a decrease in the ubiquitin carboxyl-terminal
hydrolase 14 (USP14), and an increase in the ubiquitin carboxyl-
terminal hydrolase 15 (USP15) (LM p value = 0.007 and p value =
0.035, respectively) (Fig. S2, A-C).

The proteins of the Neddylation pathway such as the Ubiquitin-Like
Protein Nedd8 (NEDD8-MDP1) and DNA damage-binding protein 1
(DDB1) were increased in Mild OSA (LM p value = 0.046 and p value =
0.025, respectively) (Fig. S2, D, E). In contrast, DDB1, NEDD8-activating
enzyme El1 regulatory subunit (NAE1) and DCNI-like protein 1
(DCUN1D1) showed a significant decrease in Severe OSA (LM p value =
0.03, p value = 0.001 and p value = 0.009, respectively) (Fig. S2, E-G).

Proteins of the 20S proteasome machinery, such as the proteasome
subunit beta type-6 (PSMB6) with peptidylglutamyl-hydrolyzing activ-
ity, and the proteasome subunit beta type-7 (PSMB7), displaying a
trypsin-like activity were also found decreased in Severe OSA compared
to Snorers (LM p value = 0.031 and p value = 0.041, respectively), while
a protein of the 26S proteasome non-ATPase regulatory subunit 7
(PSMD7) was increased (LM p value = 0.023) (Fig. S2, H-J).

The LMM evaluation of the impact of PAP treatment or PAP treat-
ment response in patients with different spectrum of OSA severity,
showed also significant changes in UPS proteins across time, i.e., before
and after treatment (Fig. 5).

A precursor related with the Sumoylation pathway, the small
ubiquitin-related modifier 2 (SUMOZ2), showed a significant decrease in
both Mild OSA and Severe OSA after treatment, although with statistical
significance only in Mild patients (LMM p value = 0.01) (Fig. 5, A).
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Fig. 3. Bubble plot visualization of the Reactome Pathways enrichment analysis. The most significant (p value < 0.05) Reactome pathways of the identified
differentially expressed proteins are shown in (A) All non-treated OSA (t0) compared with Snorers; (B) All OSA after six months of PAP treatment (t6) compared to
before treatment (t0); (C) non-treated Mild OSA (t0) compared with Snorers; (D) non-treated Severe OSA (t0) compared with Snorers; (E) Mild OSA after six months
of PAP treatment (t6) compared with Mild OSA before treatment (t0); (F) Severe OSA (t6) compared with Severe OSA (t0); (G) non-treated Severe OSA (t0) compared
with non-treated Mild OSA (t0); (H) PAP treated Severe OSA (t6) compared with PAP treated Mild OSA (t6). The Reactome pathways were acquired from Database
for Annotation, Visualization and Integrated Discovery (DAVID) v2021.
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Fig. 4. Spaghetti plots of differentially expressed proteins between non-treated (t0) Mild OSA and Severe OSA and their response to PAP treatment estimated from
the linear mixed model (LMM) regression analysis. Proteins of RBC glycolysis cycle, pentose phosphate pathway and glutathione synthesis, presenting statistically
significant differences with a p value < 0.05 are shown. (A) Fructose-bisphosphate aldolase A, ALDOA; (B) Fructose-bisphosphate aldolase C, ALDOC; (C)
Glyceraldehyde-3-phosphate dehydrogenase, GAPDH; (D) Phosphoglycerate kinase 1, PGK1; (E) Bisphosphoglycerate mutase, BPGM; (F) Alpha-enolase, ENO1; (G)
Pyruvate kinase, PKLR; (H) L-lactate dehydrogenase A chain, LDHA; (I) L-lactate dehydrogenase B chain, LDHB; (J) Glucose-6-phosphate 1-dehydrogenase, G6PD; (K)
Ribose-5-phosphate isomerase, RPIA; (L) Transaldolase, TALDO1; (M) Lactoylglutathione lyase, GLO1; (N) Malate dehydrogenase, cytoplasmic, MDH1; (O) Aspartate
aminotransferase, GOT1; (P) Gamma-glutamylcyclotransferase, GGCT; (Q) Glutathione synthetase, GSS; (R) Band 3 anion transport protein, SLC4A1; (S) Ankyrin-1,
ANK1; (T) Erythrocyte membrane protein band 4.2, EPB42; (U) Carbonic anhydrase 2, CA2. (V) Image shows the representative steps of glycolysis cycle, pentose
phosphate pathway and glutathione synthesis, indicating the participation of those proteins. RBCs proteome from Mild OSA and Severe OSA, before (t0) and after six
months of PAP treatment (t6) were compared using linear mixed-effects model. Mild OSA (t0) was used as intercept. The level of a protein in Snorers at steady state is
indicated as reference (dashed line).

In Severe OSA, proteins of the Ubiquitination pathway such as the (UBADC1) were significantly higher in Severe OSA than in Mild OSA
ubiquitin-like modifier-activating enzyme 1 (UBA1), UBE2K (p value (LMM p value = 0.035 and p value = 0.001, respectively) (Fig. 5, B-G).
was not significant in both) and USP14 (LMM p value = 0.039) were After PAP treatment, the UBA1, UBE2K and UBE2V1 significantly
lower compared with Mild OSA but not ubiquitin-conjugating enzyme decreased only in Mild OSA (LMM p value = 0.015, p value = 0.041 and
E2 variant 1 (UBE2V1). In contrast, the ubiquitin-conjugating enzyme p value = 0.012, respectively). The UBE2N and USP14 also decreased in
E2 N (UBE2N) and ubiquitin-associated domain-containing protein 1 the RBCs of these patients, but without significance. In Severe OSA, all
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Fig. 5. Spaghetti plots of differentially expressed proteins between Mild OSA and Severe OSA, before (t0) and after six months of PAP treatment (t6) estimated from
the linear mixed model (LMM) regression analysis. Proteins associated with Sumoylation, Ubiquitination, Neddylation and the ubiquitin-proteasome system, pre-
senting statistically significant differences with a p value < 0.05 are shown. (A) Small ubiquitin-related modifier 2, SUMO2; (B) Ubiquitin-like modifier-activating
enzyme 1, UBAI; (C) Ubiquitin-conjugating enzyme E2 K, UBE2K; (D) Ubiquitin-conjugating enzyme E2 N, UBE2N; (E) Ubiquitin-conjugating enzyme E2 variant 1,
UBE2V1; (F) Ubiquitin carboxyl-terminal hydrolase 14, USP14; (G) Ubiquitin-associated domain-containing protein 1, UBADC1; (H) NEDD8, NEDD8-MDP1; (I)
NEDD8-activating enzyme E1 regulatory subunit, NAE1; (J) DCN1-like protein 1, DCUN1D1; (K) DNA damage-binding protein 1, DDB1; (L) Cullin-3, CUL3; (M)
Proteasome subunit beta type-6, PSMB6; (N) 26S proteasome non-ATPase regulatory subunit 2, PSMD2; (O) Proteasome activator complex subunit 1, PSEM1; (P)
Proteasome activator complex subunit 2, PSME2; (Q) Proteasome inhibitor PI31 subunit, PSMF1; (R) Image shows the representative steps of the Sumoylation,
Ubiquitination and Neddylation pathways, indicating the participation of these proteins. Conjugation of small ubiquitin-like modifier (SUMO), ubiquitin (Ub) and
NEDDS ubiquitin-like modifier (NEDD8) through an enzymatic cascade of E1, E2, and E3 ligases to protein substrates. Protein substrates ubiquitinated are degraded
via the proteasome system. The structure of the proteasome and immunoproteasome is shown. The 20S proteasome is a cylindrical structure composed of two outer o
- and two inner f-rings and the 19S proteasome is the regulatory cap. These two types of proteosome form the 265S/30S proteasome. In RBC there is mainly the 20S
proteasome [28]. Upon stimulation with oxidative stress, the constitutively expressed catalytic p-subunits of the standard proteasome are replaced by inducible p-
counterparts: pli; p2i and p5i. They form the 20S immunoproteasome (i20S). The mature i20S then binds to either 19S proteasome (PA700), or 11S proteasome
(PA28 o/p), or a combination of both proteasome activators at its two ends to form two different types of immunoproteasomes. Most prominent targets of Ned-
dylation are cullin-RING ubiquitin ligases. Both neddylated cullin-RING and non-cullins are deneddylated by NEDD8 isopeptidases. Deubiquitination of protein
substrates is mediated via deubiquitinases (DUBs). SUMOylated protein substrates are also deSUMOylated. RBCs proteome from Mild OSA and Severe OSA, before
(t0) and after six months of PAP treatment (t6) were compared using a linear mixed model. Mild OSA (t0) was used as intercept. The level of a protein in Snorers at
s‘teady state is indicated as reference (dashed line).

these proteins were also decreased, except UBA1l and USP14 that by Rapport-Luebering shunt of glycolysis, and RBCs depend on oxiPPP

showed an increase in response to PAP although without statistical branch to generate reduced nicotinamide adenine dinucleotide phos-

significance, but the treatment response in the Severe group is inverse to phate (NADPH) to preserve GSH homeostasis and counteract oxidative

the response in the Mild group (LMM p value = 0.029 and p value = stress [32].

0.004, respectively) (Fig. 5, B-G). The results of this study suggest that the RBCs from Severe OSA
Before PAP, the 20S proteasome PSMB6 protein with patients present a significant decrease in key glycolytic enzymes such as

peptidylglutamyl-hydrolyzing activity and the 19S Regulatory protea- GAPDH, PKLR, LDHA and LDHB compared to Mild OSA. GAPDH is a

some protein, the 26S proteasome non-ATP regulatory subunit 2 recognized key redox-sensor regulating O,-induced metabolic reroute

(PSMD2) were decreased in Severe OSA than in Mild OSA, although with from EMP glycolysis to oxiPPP along the normal course of RBC circu-
only statistical significance for the former (LMM p value = 0.004) lation from lung to tissues [33,34]. Reversible oxidation of GAPDH is

(Fig. 5, M, N). highly relevant for the triggering of the glycolysis — oxiPPP transition
The activator complex subunit 1 and 2 (PSME1 and PSME?2), asso- and the balancing of NADPH supply in oxidative stress situations [35].

ciated with the activation by 11S proteasome (PA28 o/f) and the pro- Our previous data by using 2Dgel-based proteomics, we confirmed that

teasome inhibitor PI31 subunit (PSMF1) that act by direct binding to the the redox-state of GAPDH is compromised in OSA that could be associ-

outer rings of the 20S proteasome or by competing with the activating ated with OSA severity, and PAP treatment showed to revert this regu-

particles for 20S binding [26,27], were also significantly increased in lation [2].

Severe OSA before PAP (LMM p value = 0.019, p value = 0.021 and p PKLR, LDHA and LDHB regulate the rate-limiting final step of

value = 0, respectively) (Fig. 5, 0-Q). However, after PAP an opposite glycolysis. PKLR catalyses the transfer of a phosphate group from
modulation was observed. PSMB6 and PSMD2 exhibited an increase in phosphoenolpyruvate (PEP) to adenosine diphosphate (ADP), yielding

Severe OSA, while in Mild OSA a decrease, but without significance one molecule of pyruvate and two molecules of adenosine triphosphate
(Fig. 5, M, N). PSME1, PSME2 and PSMF1 showed a decrease in Severe (ATP). This process is responsible for the generation of 50 % of all ATP in
OSA and increase in Mild OSA, with a tendency to revert to control levels RBCs [36]. Once pyruvate is produced it can be converted to L-lactate by
in the latter (LMM p value = 0.001, p value = 0.023 and p value = 0.042, catalyses reduction of LDHA coupled with the oxidation of NADH to
respectively) (Fig. 5, 0-Q). NAD™. This reaction is reverted by LDHB that converts lactate to pyru-
vate, and NAD" to NADH, when oxygen is abundant. Since glycolysis
4. Discussion requires NAD", ATP production by glycolysis is hindered when NAD™"
levels diminish and NADH accumulates [37,38]. The reduction of these
In the present study, the severity of OSA and the effect of six months enzymes leads us to speculate that the generated pyruvate and lactate
of PAP treatment were investigated on RBC proteome by using shotgun metabolites may be reduced, compromising the redox state and glyco-
proteomics followed by LM and LMM statistical analysis. lytic energy metabolism in these patients. However, morning lactate
OSA involves repetitive episodes of hypoxia/reoxygenation and levels have been shown to be modestly elevated in OSA [39], or
arousals events that can lead to chronic inflammation and systemic significantly decreased in OSA patients during exercise, suggesting an
oxidative stress, an imbalance between the production of oxygen free impaired aerobic and glycolytic capacity in this condition similar to that
radicals and the antioxidant capacity of the organism [29]. OSA and seem at high altitude, where low-O, gas mixtures is available [40,41].
OSA severity have been positively correlated with several oxidative- The phenomenon known as the lactate paradox, where hypoxia-
stress biomarkers, and PAP treatment has been shown to decrease acclimation-induced lowering of peak blood lactate relative to higher
oxidative stress [30]. levels in acute hypoxia, has long been a topic of controversial debate
RBCs possess antioxidative and redox systems able to maintain [42].
intracellular homeostasis and to prevent oxidative damage and these Although we showed a decrease in those glycolytic proteins, inter-
mechanisms may be insufficient and different in patients with different estingly an increase in the ENO1 in Severe OSA compared to Mild OSA
spectrum of OSA severity. Antioxidant defence in RBCs plays an was also observed.
important role in the O, response in hypoxia, through glucose meta- ENOI1 is a moonlight protein and plays an important role in the
bolism, which is linked to reduce equivalent recycling [31]. Anaerobic process of cancer development such as lung cancer, and several other
glycolysis plays pivotal roles in RBC functions since RBC depend solely diseases including Alzheimer’s disease, diabetes and hypoxic-ischemic
on glycolysis to generate adenosine triphosphate (ATP). About 25 % of encephalopathy [43], which are comorbidities of OSA. A meta-
glucose in RBCs is used to produce the RBC specific metabolite 2,3- analysis study showed that about 5 million individuals with OSA had

bisphosphoglycerate (2,3-BPG) for hemoglobin O affinity modulation an approximately 30 % higher risk of lung cancer compared with those
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without OSA [44]. An increase in ENO1 with a decrease in PKLR may
lead to accumulation of PEP substrate, known to inhibit triosephosphate
isomerase (TPI) activity. TPI interconverts dihydroxyacetone phosphate
(DHAP) and glyceraldehyde-3-phosphate [45]. TPI inhibition can lead
to DHAP accumulation that undergoes conversion to methylglyoxal
(MG), a toxic compound involved in forming advanced glycation end
product. Methylglyoxal is detoxified by ubiquitous glyoxalase system,
and the GLO1 enzyme involved in its detoxification, showed signifi-
cantly increased in Severe OSA RBC.

TPI inhibition by the pyruvate kinase substrate phosphoenolpyr-
uvate (PEP) in glycolysis results in the activation of PPP to counteract
oxidative-stress [45]. In Severe OSA RBC, the RPIA enzyme that catal-
yses the reversible conversion of ribulose 5-phosphate to ribose-5-
phosphate (ribose 5-P) and participates in the first step of the non-
oxidative branch of PPP showed to be significantly increased, suggest-
ing the activation of non-oxiPPP in these patients. The non-oxiPPP
branch is reversible and instead to produce NADPH it can undergo pu-
rine salvage reactions, where purine bases are recycled and used in a
new process [46-48]. The irreversible oxiPPP branch may not be as
active as its key rate-limiting enzyme GP6D has shown a tendency to be
decreased in these patients. Low oxiPPP activity impaired the capacities
of RBC to handle with oxidative stress by limiting it capacity to generate
NAPDH, a cofactor required for reduction of oxidized GSH or to act
directly as an antioxidant [46].

Plasma level of reduced GSH, which recycling is oxiPPP dependent,
was showed lower in Severe and Moderate OSA compared to Mild OSA,
suggesting a reduced antioxidant capacity in these patients [49]. In
Severe OSA RBC, de novo synthesis of GSH could be increased as GSS
enzyme showed significantly increased compared to Snorers. It was
demonstrated that the lower antioxidant capacity of hypoxic RBCs
compared to normoxic ones was more related to the redox-recycling
process than to de novo GSH synthesis [50]. Another study suggested
that hypoxia causes an increase in GSH in RBCs [51].

Humans promote a robust series of physiological response to main-
tain adequate O load during hypoxia [52]. At high altitude with limited
O, concentration, the level of 2,3-BPG in RBCs increases significantly
leading to a decrease of O affinity by Hb, and its elevation is associated
with ability of RBCs to release Oy near tissues that need it most
[41,52,53]. Contrary to our expectation, the BPGM enzyme responsible
for 2,3-BPG synthesis showed significantly decreased in Mild OSA and
Severe OSA. Decreased in 2,3-BPG increases O affinity by Hb. Some
studies have demonstrated that high Hb-O, affinity is a beneficial
adaptation to low O availability, as seen in high-altitude natives long
challenged by hypoxia and also in several species exposed to high alti-
tudes for generations [52,54]. Increased in Hb-Oy affinity may
contribute to increase ventilation and lung blood flow, enhancing O,
uptake at the gas exchange surfaces [55]. Interestingly, the abundance
of CA2 enzyme, with an important role in CO; influx and efflux by RBC
and thus acid-base homeostasis, showed significantly downregulated
only in Mild OSA RBC and not in Severe OSA RBC, compared with
controls. CA activity has been positively associated with OSA severity,
showing significantly activated in Severe OSA compared with controls
or Mild OSA [56], and PAP did not change CA activity [57]. No differ-
ence in the CA activity per millilitre of RBCs has been found between the
sea level and high-altitude natives [58]. CA inhibitors have been used in
the treatment of many diseases, including acute mountain sickness and
sleep apnea syndrome [58,59].

Therapy with PAP reduces hypoxia/reoxygenation events and
therefore oxidative stress in OSA [2,60], which might have a significant
beneficial impact on OSA RBC metabolism [2]. Our results indicate that
six months of PAP treatment may restore the glycolysis metabolism in
RBC that was particularly modulated in Severe OSA patients before
treatment. After PAP, the glycolytic enzymes PKLR, LDHA and LDHB
increased significantly in Severe OSA RBC to levels closer to those of
Snorers. Furthermore, the effect of the treatment also increased the
production of the PGK1, an important enzyme that generates ATP in
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glycolysis, unlike Mild OSA at t6. The oxiPPP key rate-limiting enzyme
GP6D as well as the non-oxiPPP RPIA enzyme, showed significantly
increased after PAP. Taken together these data suggested PAP induced
ATP energy metabolism, antioxidant defence and purine salvage path-
ways in RBC of patients with Severe OSA.

In Mild OSA, although the glycolytic enzymes such as ALDOA,
ALDOC, ENO1, and PKLR increased significantly after PAP, LDHA and
LDHB enzymes of the final step of glycolysis showed significantly
decreased. The pyruvate produced may not be sufficiently catalysed to
lactate in Mild patients under the effect of PAP. In contrast to what was
observed in Severe OSA, GP6D showed a slight decreased in Mild OSA
RBC after PAP. Future investigations will be need to better understand
these changes involved in RBCs homeostasis in Mild and Severe OSA
conditions, and their response to PAP therapy.

In this study, proteins related to UPS system, which plays an
important role in the regulation of protein stability and function, were
also showed modulated in OSA severity and response to PAP treatment.
The process of ubiquitination keeps protein functional states in a ho-
meostatic balance [61]. Proteins are modified not only by the addition of
small chemical moieties but also by covalent attachment of short mod-
ifier proteins such as ubiquitin, small ubiquitin-like modifier (SUMO) or
other ubiquitin-like proteins (UBLs), such as NEDD8. It was reported
that the sequences of NEDD8 and ubiquitin are 59 % identical [62]. The
ubiquitin-like molecule NEDDS is a regulator of multitude of biological
processes both under homeostatic and proteotoxic stress conditions
[63,64]. Our results suggest that ubiquitination and ubiquitin-like
pathways were less pronounced in Severe OSA than in Mild OSA
compared to Snorers. NAE1, DCUN1D1, DDB1 and USP14 proteins were
significantly decreased in Severe OSA compared to Mild OSA or Snorer
group.

It is known that ubiquitination and ubiquitin-like pathways are an
ATP-dependent cascade process that binds ubiquitin [62,65,66]. Mo-
lecular Oy is essential for the production of ATP in human cells and its
deficiency leads to a reduction in the energy levels that are required to
preserve biological functions [67]. In OSA RBCs, to generate ATP,
glucose metabolism must be active, and our results indicated that
glycolysis was compromised in Severe OSA but not in Mild OSA. In
patients with Mild OSA, there was overexpression of proteins related to
ubiquitination and neddylation, such as UBE2K, NEDD8-MDP1 and
DDBI1.

In Severe OSA, the proteins PSMB6 (1) and PSMB7 (B2), associated
with the core 20S proteasome showed a significant decrease. Interest-
ingly, PSME1 and PSME2 proteins associated with core 20S regulators
such as the PA28a and PA28p complex, respectively, were increased in
Severe OSA compared to Mild OSA. It is known that during episodes of
acute stress, the 19S regulatory lid of the 26S proteasome separates from
the proteolytic core, and is immediately followed by ATP/ubiquitin-
independent protein degradation by the 20S proteasome [68]. There
are studies that show that the regulator PA28 (11S) can significantly
improve the ability of the 20S proteasome to selectively degrade
oxidized protein substrates, and that the immunoproteasome can be
even more effective [68]. Our findings suggest that this may be occur-
ring in RBCs of patients with Severe OSA, as immunoproteasomes
display higher specific activity, as well as a greater capacity to degrade
oxidized proteins [69]. Another study showed that mild oxidative stress
increases levels of ubiquitin conjugates in many types of cells and tis-
sues, whereas extensive oxidative stress reduces the levels of ubiquitin
conjugates [70]. Recent evidences have shown that the immunopro-
teasome is an important player in the removal of damaged proteins in
cellular homeostasis, and especially during stress conditions and disease
[69,71].

Taken together, these data raise the hypothesis that immunopro-
teasome may be activated in Severe OSA RBC to counteract severe
intermittent nocturnal hypoxia — induced oxidative stress. The 20S
proteasome is relatively resistant to oxidative stress and maintains its
activity under conditions in which protein damage occurs, whereas the
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26S proteasome and the ubiquitination pathway are much more sus-
ceptible to conditions of oxidative stress [69,72,73].

PAP treatment induced modulation in those UPS proteins showing
interaction with OSA severity. PAP treatment reduced the immunopro-
teasome system in Severe OSA. A significant decrease in PSME1 and
PSME2, and a significant increase in NAE1, DCUN1D1, cullin-3 (CUL3)
and PSMD2 proteins after PAP treatment were observed in Severe OSA.
These data suggest that to maintain RBC homeostasis, degradation of
oxidized proteins is upregulated after PAP through the neddylation and
ubiquitination system, because neddylation is a regulator of biological
processes essential for cell viability, development and responses to
stress, and therefore is a promising route for therapeutic intervention
[64,74]. In Mild OSA, PAP treatment induced a decrease in proteins
related to ubiquitination and neddylation, but appears to cause an in-
crease in the immunoproteasome system, PSME1 and PSME2 proteins,
suggesting that the effect of PAP treatment in this severity group may
induce oxidative stress in Mild OSA RBC. This result meets the question
about the use of PAP as a first-line treatment for patients with Mild OSA
[75,76].

Limitations in this study should be addressed. Sample size, female
gender exclusion, the OSA group being constituted by non-diabetics but
with higher levels of blood insulin and HOMA-IR, BMI and abdominal
circumference limit the data generalization. Although patients were
instructed to follow a restricted diet for three days before urine/blood
collection to minimize its impact in patient’s antioxidant status and
catecholamine determination, their dietary habits were not fully
controlled. Proteomics and validation analysis were performed on
—80 °C stored samples, which could introduce some bias in the molec-
ular events of both control and disease samples.

5. Conclusion

The EMP and PPP interconversion pathways of glycolysis showed to
be higher deregulated in RBCs from patients with Severe clinical
manifestation of OSA than in patients with Mild disease.

RBC glycolysis as source of energy and antioxidant reducing agents
may be compromised in patients with Severe OSA in response to severe
intermittent nocturnal hypoxia/reoxygenation — induced oxidative
stress.

The antioxidant capacity of RBCs may also be under challenge in
Severe OSA, as indicated by deregulation in oxiPPP enzymes that
generate reducing agents associated with upregulation of non-oxiPPP
enzymes towards purine salvage pathway. Enzymes associated with de
novo GSH synthesis also showed upregulated in Severe OSA RBC.

Downregulation of the Rapoport-Luebering glycolytic shunt leading to
increased Hb-O, affinity may be a beneficial adaptation in OSA,
although dysregulation in EMP glycolysis was significant only in pa-
tients with Severe OSA.

In RBCs, the proteolysis by the 20S proteasome may constitute a
dominant pathway for protein turnover, however, under conditions of
oxidative stress, alternative proteasome complex forms may take place.

In Severe OSA patients, the Inmunoproteasome may be activated in
RBC as important cellular homeostasis player to counteract severe —
induced oxidative stress. In contrast, in Mild OSA patients, the upregu-
lation of the ubiquitination/neddylation-dependent proteasome may be
taking place in response to oxidative stress. Proteasome regulation in
RBCs in response to different degree of OSA severity — induced oxidative
stress deserved further investigation.

PAP treatment showed a beneficial impact on Severe OSA RBC
metabolism by promoting energy and reducing-agents production, the
reactivation of the 20S proteasome system and the upregulation of Hb-
O, affinity in these cells.

In patients with Mild OSA, immunoproteasome proteins increased
after PAP treatment. PAP may also induce downregulation in glycolysis
lactate production in Mild OSA RBC. These data suggests that PAP
treatment may cause an overload of oxidative stress in patients with
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Mild OSA disease and, therefore, the use of PAP may have to be revised
or readjusted according to the degree of severity of OSA.

Further validation associated with metabolomic studies in a large
cohort of patients will be needed to better understand the functional
impact of these findings. The identified differentially modulated pro-
teins may be new candidate biomarkers for diagnosis and prognosis of
OSA severity or to support monitoring and efficacy of PAP treatment in
OSA patients with different degrees of disease severity.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbadis.2025.167767.
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