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Abstract: Obstructive sleep apnea syndrome (OSAS) is characterized by intermittent hypoxia (IH)
during sleep due to recurrent upper airway obstruction. The derived oxidative stress (OS) leads to
complications that do not only concern the sleep-wake rhythm but also systemic dysfunctions. The
aim of this narrative literature review is to investigate molecular alterations, diagnostic markers,
and potential medical therapies for OSAS. We analyzed the literature and synthesized the evidence
collected. IH increases oxygen free radicals (ROS) and reduces antioxidant capacities. OS and
metabolic alterations lead OSAS patients to undergo endothelial dysfunction, osteoporosis, systemic
inflammation, increased cardiovascular risk, pulmonary remodeling, and neurological alterations. We
treated molecular alterations known to date as useful for understanding the pathogenetic mechanisms
and for their potential application as diagnostic markers. The most promising pharmacological
therapies are those based on N-acetylcysteine (NAC), Vitamin C, Leptin, Dronabinol, or Atomoxetine
+ Oxybutynin, but all require further experimentation. CPAP remains the approved therapy capable
of reversing most of the known molecular alterations; future drugs may be useful in treating the
remaining dysfunctions.

Keywords: obstructive sleep apnea syndrome; OSAS; OSA; oxidative stress; intermittent hypoxia;
biomarkers; CPAP; cognitive

1. Introduction

Obstructive sleep apnea syndrome (OSAS) affects from 9% to 39% of the adult popu-
lation, with a higher incidence in males and the elderly, and is the most common form of
respiratory sleep disorder [1-4]. It is characterized by recurrent, complete, or partial upper
airway obstruction due to their collapse, with consequent hypopnea or apnea, leading to
hypoventilation and chronic intermittent hypoxemia (IH) and increasing blood carbon
dioxide partial pressure [5]. The OSAS consequences do not only concern excessive daytime
sleepiness; they also independently favor the development of cardiovascular pathologies
as an independent risk factor for hypercholesterolemia and hypertension, obesity, diabetes,
and neuropsychological diseases such as depression [6-12]. Therefore, OSAS patients have
higher cardiovascular-related morbidity compared with non-OSAS ones [13].

The diagnosis of OSAS follows the diagnostic criteria codified by the American
Academy of Sleep Medicine (AASM) after the exclusion of other pathologies that may
be the cause of the apnea/hypopnea events [14]. Furthermore, it is possible to make a
diagnosis of OSAS when one is faced with anamnestic data, collected by interviewing
the patient or those who sleep with him, with reported episodes of falling asleep when
awake, excessive daytime sleepiness, non-refreshing sleep, tiredness, or insomnia, breath-
ing, snoring, wheezing, choking, loud snoring, and at least 5 episodes of apnea, hypopnea,
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or breathing-related awakenings per hour in polysomnography. Alternatively, even in the
absence of anamnestic data, it is possible to diagnose OSAS when polysomnography shows
15 or more apneas, hypopneas, or awakenings related to respiratory events per hour with
evidence of respiratory effort in all or part of them in polysomnography [1]. To measure
the degree of OSAS, the polysomnographic apnea-hypopnea index (AHI) is used [14,15].
Depending on the severity of the disease, treatment options include surgical interventions,
lifestyle modifications, continuous positive airway pressure (CPAP), oral appliances such
as mandibular advancement, and hypoglossal nerve stimulation [16-18]. However, the
OSAS diagnosis and treatment currently do not take into consideration what happens
at the molecular and cellular level, which instead causes systemic complications related
to OSAS. This review aims to recognize molecular mechanisms, markers, and potential
treatments useful for counteracting the cellular damage resulting from OSAS. This could
help to better understand which patients are candidates, not only for the use of CPAP or
MAD (mandibular advancement device), but also for medical therapy to counteract or
reverse cellular damage.

2. Results
2.1. Oxidative Stress (OS)

OS is an imbalance between reactive oxygen species (ROS) production and antioxidant
capacity. The hypoxia and reoxygenation cycles cause a change in the oxidative balance,
leading to the formation of ROS and a decrease in endogenous antioxidant molecules [19].
ROS react with organic molecules, impairing their functions, altering cellular metabolism,
and causing cell damage. They are considered one of the main mechanisms responsible for
cardiovascular complications in patients with OSAS, and their production correlates with
the severity of the disease [13,20-22].

The presence of oxidative imbalance has also been observed in uvular tissues removed
after uvulopalatoplasty in patients with OSAS and correlates with the severity of the
disease [23].

The human organism tries to adapt to the condition of lack of oxygen with the produc-
tion of specific molecules useful for cell survival in hypoxic conditions such as Hypoxia
Induced Factor-1a (HIF-1cx) and Vascular endothelial growth factor (VEGF) [23,24]. HIF-1
«, instead, is one of the main actors in oxygen homeostasis. Its levels, together with those
of NF-kB, correlate with the severity of the disease measured by the AHI and desatu-
ration number, and the levels of surfactant protein D (SPD) are reduced in an inverse
manner [24-26]. There is no significant variation in HIF-1«x levels during the day [25,26].
The alteration of circulating HIF-1«x levels is chronic; it has been observed that a single
night with CPAP in severe OSAS patients does not significantly modify its expression [24].
The expression of HIF-1oc and NF-kB is reduced after two months of continuous nasal
CPAP use, and the SPD levels increase [25]. VEGF is increased as the nocturnal oxygen
saturation decreases [24,25]. OS also underlies the increase in myeloperoxidase (MPO),
intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion protein (VCAM-1),
L-selectin, and E-selectin [26,27]. The differences in molecular expression in OSAS patients
also concern the reduction of the morning levels of the Rho-associated protein kinase
(ROCK) 1 and 2 molecules and the circulating nitric oxide, as well as the expression of
endothelial eNOS [28,29]. These observations were confirmed in vivo, with an observed
down-regulation of eNOS and an increase in nitrotyrosine [30]. VE-cadherin cleavage is one
of the mechanisms of endothelial dysfunction and in OSAS patients, the circulating plasma
values of the soluble form of VE-cadherin (sVE) were increased, suggesting an augmented
endothelial permeability. This mechanism appears to be associated with ROS production,
and activation of HIF-1, VEGEF, and tyrosine kinase pathways [31]. Another mechanism
that contributes to the endothelial dysfunction in IH is the production of extracellular
vesicles by red blood cells, and their pathogenetic mechanism involves decreased eNOS,
increased Endothelin-1 (ET-1) production via the Erk1/2 pathway, and phosphorylation
via the PI3K/AKT pathway (Figure 1 [32]. OSAS-induced endothelial dysfunction has
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M1-like macrophages
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also been related to some microRINAs, such as miR-630 in infantile OSAS and miR-30a,
miR-34a-5p, and miR-193 in mouse models (Figure 1) [33-37]. CPAP is widely used in the
treatment of OSAS, and its systemic benefits have also been observed at the molecular level
regarding endothelial function. Myocardial damage is also linked to microRNA expression
alterations such as miR-146a-5p (Figure 1) [37].
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Figure 1. Mechanisms of cardiovascular risk in OSAS.
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2.1.1. Mitochondrial Involvement

ROS are mainly produced at the mitochondrial level during the reoxygenation
phase [27,38]. Mitochondrial damage is confirmed by the reduction of circulating mi-
tochondrial DNA in conjunction with the worsening of OSAS [39]. Studies from mouse
models showed that mitochondrial OS is also the basis of the damage to auditory hair
cells, with aberrant mitochondrial morphology and overexpression of PGC-1« and Tfam
mRNA [40]. The role of mitochondria in recurrent hypoxia damage is not limited to neu-
ronal cells, and studies on genioglossus and palatine muscles have also shown damage at
this level [41].

2.1.2. Inflammatory Signaling

IH leads to the formation of proinflammatory factors such as tumor necrosis factor
(TNEF), C-reactive protein (CRP), and interleukins (IL)-6 and -8 [6,21,42,43], and elevated
values of NF-kB and TNF-« are linked to OSAS and daytime sleepiness. Cytokines related
to NF-kB are also consequently increased, such as IL-8 [42,44], whereas IL-17 levels are also
correlated with OSAS and its severity, as well as an inverse correlation with Vitamin D
levels in enrolled patients [45].

CRP and TNF-« levels decrease after OSAS surgery, but they still remain higher than
those of healthy control groups [43].

Further molecules whose expression is altered are Osteoprotegerine, Chitinase 3-like
protein 1 (YKL-40), and Cardiotrophin-1 (CT-1), and their value correlates with AHI [46].

2.1.3. Peripheral Blood Cells

Various changes in peripheral blood cells have been observed. Overexpression of
Toll-Like Receptor (TLR) was observed in circulating monocytes of OSAS patients [47],
and the TLR 6 gene is upregulated in peripheral blood cells through DNA methylation.
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In particular, the cytosine-phosphate-guanine (CPG) site number 1 is hypermethylated in
patients with severe OSAS, and its methylation is reduced after at least 6 months of CPAP
therapy [48]. Epigenetic studies also identified hypermethylation of interleukin 1 receptor
2 (IL1R2) and androgen receptors with increased expression of both [49].

2.1.4. Cardiovascular Implication of OSAS Inflammation

The role of inflammation has also been observed in the aortas of OSAS mouse models,
evidencing an accumulation and proliferation of pro-inflammatory metabolic M1-like
macrophages highly expressing CD36 and an increase in the transcription of atherogenic
pathways, inflammation, and OS (Figure 1) [50]. Increased circulating fibrinogen values are
associated with an elevated risk of cardiovascular events as well as OSAS, correlating high
serum levels with the severity of the disease [51]. The inflammatory molecules increased in
OSAS patients are numerous and also include heat shock protein 70, tissue fat, monocyte
chemotactic protein-1, and highly sensitive C-reactive protein [52]. The prothrombotic state
due to OSAS is also documented by the increase in tissue plasminogen activators 1 and
2 and the decrease in TGF-f3 and urokinase-type plasminogen activator [53]. Epigenetic
dysregulation of DNA in OSAS was shown by aberrant methylation of the formyl peptide
receptor (FPR) 1, 2, 3 genes, and FPR1 overexpression and the deficiency of FPR2 and FPR3
were associated with OSAS and its severity as well as with the development of diabetes
mellitus and cardiovascular diseases.

Literature evidence did not show a correlation between OS and cardiovascular risk in
OSAS patients [54].

Neurotrophins are proteins that regulate the nervous system; alterations of some of
them, such as brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF), can
also lead to cardiovascular complications. BDNF is related to cardiomyocyte contractility
and its alterations with atherosclerosis and hypertension, and NGF plays a role in atrial
autonomic OSAS-induced atrial fibrillation [54].

2.2. Circulating Metabolites

Previous research has shown that OSAS induces an increase in the blood levels of endo-
cannabinoids such as anandamide and ethanolamide, which are associated with an increase
in blood pressure and cardiovascular risk [55]. Likewise, an increase in the blood levels
of adenosine, epinephrine, norepinephrine, and aldosterone was also observed [56,57], as
was an increase in retinoids, carotenoids, and tocopherol, which increase the susceptibility
to vascular pathologies [58].

Levels of saturated fatty acids and n-3 fatty acids also correlate with sleep quality,
duration, and rapid eye movements. An increase in lactic acid and some fatty acids such
as arabinose, arabitol, cellulose, glyceraldehyde, and threitol has been observed in these
patients [59], and metabolomic studies have also shown an increase in glutamic acid, deoxy
sugar, arachidonic acid, phosphatidylethanolamine, sphingomyelin, and lysophosphatidyl-
choline. The metabolic alterations mentioned above seem to be attributable to the hypoxia
induced by OSAS [60].

In addition to the metabolites, the regulatory metabolism molecules are also impaired
in OSAS patients. OSAS is independently correlated with insulin resistance and fatty liver
disease, and several genes involved in cholesterol metabolism were impaired, such as malic
enzyme and acetyl coenzyme A (CoA) synthetase, or acetyl-CoA carboxylase, stearoyl-CoA
desaturases 1 and mitochondrial glycerol- 3-phosphate acyltransferase [61]. OSAS also
induces adipose tissue inflammation and dysfunction [62].

The circulating omentin expression increased in OSAS [63]. Moreover, OSAS patients
have significantly increased levels of leptin, affecting sleep, ventilation, and upper airway
defenses [64,65].
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2.3. Urine Molecules

Urine analysis from OSAS patients revealed high concentrations of adrenaline, nora-
drenaline, and homocysteine, which are associated with increased cardiovascular risk, as
well as leukotriene E4. Increased levels of homovanillic acid, a metabolite of dopamine,
and 3-4-dihydroxyphenylacetic acid were also measured [29,66,67]. Urinary isoprostane
8, which is associated with daytime sleepiness and OSAS, as well as being an element of
endothelial damage [68], and an increase in urinary leukotriene-4 has also been observed,
which is related to atherosclerosis [69,70]. The significance of these altered urine metabolites
in OSAS is unknown.

2.4. Neurotransmitters

Several neurotransmitters could play a role in the pathogenesis of the disease. His-
tamine is responsible for the state of arousal in the central nervous system. In studies
on mouse models, it also seems to have a role in the neuromuscular transmission that
occurs from the hypoglossal nerve to the genioglossus, both of which are altered in OSAS
patients [71].

Starting from the observation that apneas increase during REM sleep, due to mo-
tor inhibition of the cervical-cephalic muscles, several authors investigated the potential
mechanism of muscular inactivation. REM sleep-related upper airway collapse is due to
a change in norepinephrine and serotonin secretion by cranial nerve XII. The secretory
patterns and increased distribution of xl-adrenoceptors are impaired in mouse models of
IH during sleep [72].

Loss of muscle tone leading to recurrent airway collapse appears to be related to re-
duced activity of pharyngeal motoneurons, also due to decreased stimulation of cholinergic
acetylcholine receptors. This molecule, therefore, not only acts at the level of the central
nervous system with different concentrations depending on whether we are in a state of
sleep or wakefulness, but its action also varies at a peripheral level and could be one of
the mechanisms of muscular hypotonia pharyngeal in OSAS patients [73]. Grace et al.,
observed that the G-protein-coupled inwardly rectifying potassium (GIRK) channels are
also involved in muscular inactivation during REM sleep. Therefore, the authors hypothe-
sized that the potential target to counteract the loss of muscle tone is a potassium channel,
and to avoid having an undesirable systemic effect, they suggested the inwardly rectifying
potassium channel Kir2.4, which is expressed almost exclusively in the motor nuclei of the
cranial nerves. To date, there are no clinical studies with this hypothesis.

The brain neurotrophic factor (BDNF) is a neurotrophin responsible for neuron growth,
development, and plasticity. Therefore, it has a role in memory and learning mechanisms. It
can cross the brain-blood barrier, and its blood level dysregulation is related to depression
and cognitive decline. Despite there being no significant difference in BDNF levels between
OSAS and control patients, the morning molecule expression is related to age and oxygen
saturation during sleep. The proBDNEF, a derived product of BDNE, relates to age and
HIF-1« morning quantity [74]. BDNF and proBDNF evening concentrations are higher
in patients with alteration measured with the Athens Insomnia Scale (AIS), Pittsburg
Sleep Quality Index (PSQUI) positive, and lower in those with Beck Depression Inventory
(BDI) positive [75]. There is also a correlation between plasmatic BDNF levels and the
oxygen desaturation index, and a negative one with the AHI. It has been hypothesized that
BDNF could be involved in apoptosis-related neural injury, contributing to OSAS-induced
cognitive degeneration and psychiatric pathologies [76]. OSAS patients with depression
have lower levels of BDNF and pro-BDNF compared with OSAS patients with no mood
disturbances [76].

IH could also be responsible for peripheric neural damage. In mice models, IH-induced
OS decreases BDNF and pro-BDNF expression, which increases retinal cell apoptosis [72].
BDNF expression is altered in cognitive diseases (e.g., Alzheimer’s disease, Parkinson’s
related dementia, etc.) [77] BDNF is also involved in nociception, and some authors have
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hypothesized his involvement in the greater pain susceptibility of OSAS patients compared
with the general population [78].

Further neurotrophins are known and are related to OSAS, such as the nerve growth
factor (NGF), neurotrophins 3 and 4, and one neurotrophic factor, the glial cell-line-derived
neurotrophic factor (GDNF) [79]. NGF is responsible for sympathetic neurons’ matura-
tion, differentiation, and survival. His precursor protein, the proNGE, has the opposite
action [73]. Its neurological involvement in OSAS has not been observed, but it has been re-
lated to cardiac autonomic nervous system disturbances and pediatric neurogenic tonsillar
inflammation and hypertrophy [54,79].

GDNEF is essential for dopaminergic system development and respiratory pattern
generation. It has been observed that its levels are lower in patients with OSAS [54,80].

OSAS exacerbates Parkinson’s disease; sleep disturbance severity and motor dys-
function have been related to IL-6 levels. In the same study, Kaminska et al. observed a
correlation between BDNF and increased sleepiness [81].

OSAS, Neurocognition and Neurofilament

Oxidative stress has repercussions in many parts of the body, including the central
nervous system. Therefore, OS in OSAS is also responsible for neurocognitive dysfunction.
The imbalance between oxidization and antioxidants, as previously cited, could cause
neuron injury in brain regions most susceptible to hypoxia and oxidative stress, such as
the hippocampus and cerebral cortex regions [82]. Different domains could be altered
in OSAS patients, such as attention/vigilance, memory, global cognitive, and executive
function. However, CPAP treatment seems to improve some but not all executive functions
in different degrees of cognitive dysfunction. Compromised cognition could be partially
reversed after CPAP. As mentioned above, several studies highlighted the association
between OS and nervous system diseases such as Parkinson’s disease, Alzheimer’s disease,
and epilepsy [54]. In this direction, identification and quantification of neuronal biomarkers
of axonal damage could improve the diagnostic accuracy and the prognostic assessment in
the management of neurological disease. Neurofilament light chain (NFL) is a neuronal
protein, exclusively located in the neuronal cytoplasm, whose levels increase in serum and
cerebrospinal fluid (CSF) proportionally to the degree of neuronal axonal damage, and it
is a valuable biomarker in several neurological disorders. In OSAS patients, it could be
interesting to monitor NFL variations after CPAP treatment aimed to evaluate neuronal
recovery. The neuronal damage has also been confirmed by the first studies, which show an
increase in the expression of neurofilament (NFL) and its correlation with the severity of the
disease [83]. Further studies are needed to measure the impact of CPAP on this parameter.

2.5. Potential Therapies
2.5.1. Antioxidants

There are many potentially beneficial molecules for patients with OSAS, but most of
them have not been tested on humans. Manganese superoxide dismutase is protective
against cortical neuron oxidative damage by IH in mouse models [84]. Adiponectin also
proved to be useful in counteracting mitochondrial damage in the genioglossus muscle of
OSAS mice [46].

In addition, ROS scavenger administration with Endavarone in mouse models of
IH has been tested, showing a significant reduction in cognitive impairment associated
with increased brain expression of phosphorylated-cAMP response element-binding (p-
CREB) [85].

The molecules tested in humans have not been studied in courts large enough to give
indications for their use. Vitamin C and N-acetylcysteine (NAC) have shown interesting
results in the reduction of OS in OSAS [7], and NAC reduces OS in OSAS through the
reduction of peroxidized lipids and the increase in glutathione. Surprisingly, patients who
received it continuously also had improvements in sleep parameters [86]. Vitamin C, on the
other hand, proved to be effective in improving the endothelial function of OSAS patients
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in a study that took as its reference the diameter of the brachial artery, an indirect indicator
of endothelial function [87]. Lastly, Leptin is both a drug capable of reducing free radicals,
OS, and atherosclerosis in patients with OSAS [88].

To date, the only confirmed antioxidant therapy is CPAP itself, which has shown
to be able to reverse many of the molecular alterations observed in vivo, such as eNOS,
nitro-tyrosine, and NF-kB in the endothelium and circulating TNF-« [32].

2.5.2. Non-Antioxidant-Based Therapy

Estrogen-related receptor-o (ERR-«) is downregulated in OSAS patients and its ligand-
binding induces the expression of fast-type muscle fibers in palatopharyngeal muscles.
The interaction between estrogens and ERR-« could be a therapeutic target to reverse
the muscle remodeling typical of these patients [89]. They inhibit the overexpression
of HIF-1a induced by chronic IH and improve the endurance and regeneration of the
genioglossus muscle in OSAS animal models [90]. Estrogens, in particular 17(3-estradiol
(E2) and a resveratrol dimer (RD), have a protective action against OSAS by limitation of
HIF-1oc action.

A pilot study in OSAS patients evidenced that Desipramine reduced airway collapse.
At the same time, its anti-inflammatory properties could be beneficial in counteracting
the systemic effects of OSAS, but further clinical studies are needed on a larger scale to
evaluate its application [91,92].

The use of sedatives in the treatment of OSAS appears to be counterintuitive. However,
it has been hypothesized that trazodone may reduce the respiratory arousal threshold and
upper airway obstruction. The first phenomenon occurred in an experimental group,
while the second was not significant, and the magnitude of the threshold change was not
sufficient to counteract the changes due to mechanical obstruction [93].

The Phase II Pharmacotherapy of Apnea by Cannabimimetic Enhancement (PACE)
has shown encouraging preliminary results for Dronabinol. A reduction in the AHI, a
reduction in the feeling of sleepiness, and good satisfaction in the treated patients have
been observed [94].

Sildenafil involves the inhibition of cyclin guanosine monophosphate phosphodi-
esterase 5, resulting in an increase in cyclic guanosine monophosphate and NO. Its ex-
perimentation in a randomized controlled trial in which it was compared with a placebo,
however, showed a worsening of the disease [95].

In a randomized trial, the combination of Atomoxetine, a norepinephrine reuptake
inhibitor, and antimuscarinic Oxybutynin, taken before going to sleep, was shown to be able
to reduce the severity of OSAS, and further studies on larger sample sizes are needed [96].

It is important to observe that many molecules have only been tested in mouse
models, such as Astragaloside IV, which showed an improvement of hypoxia-induced
endothelial function [97]; Tauroursodeoxycholic acid, against hepatic damage induced by
HI [98]; Pitavastatin, showing a reversal of IH-induced myocardial hypertrophy, cardiac
function, perivascular fibrosis and inflammatory indices [99]; Allopurinol also showed
beneficial effects in mouse models of OSAS with a reduction of lipid peroxidation and an
improvement in cardiac function [100]; and for all molecules, clinical trials are needed.

2.6. Diagnostic Biomarkers

Some authors have attempted to identify OSAS biomarkers. From the studies of
Fleming et al. it has emerged that altered values of glycated hemoglobin, c-reactive
protein, and erythropoietin may be useful in OSAS diagnosis [101]. Variants of the 5-
hydroxytryptamine receptor 2A have also been studied as markers of risk and severity of
OSAS. It has been observed that some of them can be protective, while others predispose to
greater severity of the disease [102].

The study of the overexpression of the genes disintegrin and metalloproteinase domain
29 (ADAM?29), solute carrier family 18 (vesicular acetylcholine) member 3 (SLC18A3), and
fibronectin-like domain-containing leucine-rich transmembrane protein 2 (FLRT2) showed
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how these latter are overexpressed in Asian subjects with OSAS and could be used to screen
patients, at risk for the severe form of the disease [103].

Numerous genetic polymorphisms have been associated with the development of
OSAS, but none of them have been validated in clinical trials as useful for screening or
diagnosis [104-111].

MicroRNAs could be helpful for diagnosis, but we still don’t have clinical validations
in OSAS [112-114], such as the downregulation of miR-664a-3p [115], and dysregulation of
miR-126-3p, miR-26a-5p, and miR-107, which associate with arterial hypertension in OSAS
patients [116]. (Table 1)

Table 1. Potential OSAS diagnostic biomarkers. Clinical validations are needed.

Potential Biomarkers References

glycated hemoglobin, c-reactive protein, [101]

erythropoietin
5-hydroxytryptamine receptor 2A [102]
ADAM?29, SLC18A3, FLRT2 [103]
miR-664a-3p, miR-126-3p, miR-26a-5p, miR-107 [115,116]
thioredoxin, malo.ndialdehyde, superoxide [117-119]
dismutase
TBARS [120,121]
FRAP [122,123]
TAS [124]

The most accurate OS markers in OSAS are thioredoxin, malondialdehyde, super-
oxide dismutase, and iron reduction [7]. Thioredoxin (TRX) concentration is a marker
of disease severity as it is proportional to that of AHI and is inversely related to oxygen
saturation [117,118].

Although several molecules related to OS were not significantly increased in OSAS,
glutathione, 8-isoprostane, substances reactive to barbituric acid (TBARS), catalase activity,
copper-zinc superoxide dismutase (SOD), and products of lipid peroxidation [119,120].
However, there is no agreement between SOD and malondialdehyde (a TBARS), because,
in some studies, their levels seem to be correlated with the severity of OSAS [120,121]. The
markers of the loss of antioxidant capacity in OSAS patients have been observed in several
studies as the lowering of the antioxidant power of reduced iron (FRAP), the concentration
of reduced iron, and the total serum antioxidant status (TAS) [122-124].

3. Discussion

Patients with OSAS often have an altered lipidic profile. The molecular imbalances
above mentioned could determine alterations detectable before OSAS leads to the typical
increase in total cholesterol, triglycerides, low-density lipoprotein, high-density lipopro-
tein, and low-density lipoprotein cholesterol [64]. The metabolic imbalance observed
in the OSAS leading to an increase in glycolysis products seems to be also attributable
to the action of HIF-1x which also induces glycolytic enzymes [125]. However, the list
of impaired molecules in OSAS is wide, such as cardiolipin, phosphatidylcholine, phos-
phatidylethanolamine, bile acids, and oxylipids [126].

Since a correlation between OSAS and Vitamin D levels has been observed, its concen-
tration measurement and possible supplementation could be useful, not to improve apneas
but for the systemic damage connected to the deficiency [44].

IH causes increased production of ROS and a reduction of endogenous antioxidant
molecules [19]. OS is a crucial component of dysfunctional pathologies associated with
OSAS, such as obesity, hypertension, dyslipidemia, sympathetic activation, and diabetes. It
has even been hypothesized that the OS produced by IH favors the development of obesity,
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thus favoring the development of OSAS [127]. It has been observed that the reduction of
antioxidant enzymes occurs through the methylation of DNA, which is reversible with
the normalization of breathing, inverting ROS production. Along with it, the chemosen-
sory reflex of the carotid body and hypertension, which are impaired following IH, also
stabilize [128].

Aldosterone levels increase with the increasing severity of OSAS. Aldosterone is a
molecule related to resistant hypertension, just as OSAS is a disease related to the same
disorder [57]. The interaction between the increase in all the proinflammatory molecules
and the endothelium could be one of the causes of the increased cardiovascular risk in
OSAS, such as TNF, interleukins, NF-kB, TLR receptors, myeloid-related protein-8/14,
the accumulation of pro-inflammatory metabolic M1-lie macrophages highly expressing
CD36, fibrinogen, shock protein 70, monocyte chemotactic protein 1, highly sensitive C-
reactive protein, P-selectin, soluble CD40, ICAM-1, VCAM-1, L-selectin, E-selectin and
MPO [6,20,42-45,48,51,52,55].

Some authors hypothesized the role of microRNAs (miR-126-3p, miR-26a-5p, and
miR-107) in the diagnosis of arterial hypertension in OSAS patients [129]. In our opinion,
they could be useful for better understanding the etiopathogenetic mechanisms, but they
are certainly less relevant from a hypertension diagnostic point of view.

In the brain, chronic IH is associated with hippocampal cortical damage. The OS
produced by the cycles of ischemia and reoxygenation with ROS production is thought
to mimic that of stroke. Confirmation of this phenomenon was investigated in mouse
models, and an increase in ROS and OS response markers was observed. Recurrent
ischemia induced for prolonged times induces an increase in the molecules produced by
the action of ROS, such as oxidized proteins, peroxidized lipids, and oxidized nucleic acids,
with activation of caspase 3 and neuronal cell apoptosis. Further, confirming the role of
OS in neuronal degeneration following OSAS, it was observed that mice overexpressing
ROS scavenger molecules were less susceptible to neuronal damage following recurrent
ischemia [19]. Oxidative damage from IH also affects areas of the sleep-wake rhythm,
which could aggravate the persistent feeling of sleepiness [130]. Regarding the potential
neurocognitive dysfunction induced by OSAS, it should also be noted that markers of
Alzheimer’s disease (AB40, t-tau, p-tau) are increased in affected patients [131]. In the
study of OSAS-related cognitive impairment, it was observed that it is associated with the
expression of miR-26b and miR-207 [132].

The chronic IH that occurs in OSAS patients also leads to the formation of ROS at
the cortical level, and their production increases above all during the re-oxygenation
phases. ROS are considered responsible for cortical oxidative damage and the reduction
of neurocognitive functions. The maximum production of ROS appears to occur at the
mitochondrial level [38,83]. Mitochondrial OS is also responsible for damage to auditory
sensory neuronal hair cells. The study of mouse models of hypoxia has highlighted
alterations in mitochondrial morphology, and alterations in mRINA expression and leaves
us with the prospect of experimenting with drugs active at this level to prevent hearing loss
in OSAS patients [38]. It should be evaluated whether a mechanic counteracting airway
collapse, associated with substances that reduce or reverse mitochondrial oxidative damage
to cortical neurons, can alleviate neuronal damage.

Several molecules are potentially useful in counteracting OS, cardiovascular, and neu-
ronal damage due to IH, such as NAC, Vitamin C, Leptin, Dronabinol, and a combination
of Atomoxetine and Oxybutinin [7,81,82,92,94].

From a clinical point of view, however, it is also useful to know which drugs are not
suggested in patients suffering from a specific pathology. Indeed, even if the randomized
trial on Sildenafil showed a negative impact on OSAS, the study is useful from a clini-
cal point of view. Patients with OSAS suffer more frequently from erectile dysfunction;
therefore, it is necessary to remember in their treatment not to administer this drug as it is
pejorative for their disease [93].
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The only confirmed antioxidant therapy is CPAP itself, which is able to reverse many of
the molecular alterations [43]. Therefore, the utility of molecular antioxidant therapies must
be viewed with caution. The mechanisms underlying cell damage could be disrupted by
the restoration of normal nocturnal oxygenation through CPAP. This phenomenon has been
observed, for example, with the return to normal values of eNOS, nitrotyrosine, and NF-kB
in the endothelium of OSAS subjects after the use of CPAP and, as noted by Ryan et al,,
with TNF-« [44]. Similarly, CPAP also reduces silent brain infarctions, which are usually
increased in subjects with OSAS. Therefore, also in this case, the mechanical action of the
positive pressure and the rebalancing of nocturnal oxygenation are sufficient to interrupt
the phenomenon [55]. CPAP rebalances the expression of numerous pro-inflammatory and
pro-coagulation molecules, but it is not always able to restore the levels of healthy subjects.
This is the case with inhibitors of plasminogen-1 activation and TGF-3 [52].

Importantly, not all damages appear to be reversible with CPAP. Aortic injury mediated
by pro-inflammatory metabolic M1-like macrophages highly expressing CD36, upregula-
tion of atherogenic pathway transcription, inflammation, and OS in mouse models, once
triggered, is not reversed by a return to normal oxygenation values [51].

Despite the identification of numerous molecules whose levels are significantly in-
creased in patients with OSAS, studies that have tried to identify diagnostic or severity
biomarkers have not led to conclusive results [27]. Plasma thioredoxin (TRX) is a marker of
OS, and CPAP is able to reduce its concentration after 1 month of treatment [119]. In this
direction, there are several molecules that can potentially support the clinician in selecting
patients for specific antioxidant therapy, such as MMP-2, -9, highly sensitive C-reactive
protein, soluble receptors for advanced glycation end-products (SRAGE), and copper (Cu).

We know that cellular hypoxia induces acidosis, but an interesting observation has
also been made on the role that IH has on the ability of cells to respond to it. As an effect of
IH, the overproduced ROS induces the release of Ca®* and the entry of Na* through the
activation of the Na* /Ca®* exchanger, resulting in an increase in Na* ions that inhibit the
activity of the Na*/H" exchanger, leading to an accumulation of H* ions and acidosis [133].

4. Materials and Methods
4.1. Literature Research

We performed a narrative literature review with articles from PubMed, Embase, and
the Cochrane Central Register of Controlled Trials. We considered articles concerning molec-
ular and metabolic alterations, OS, biomarkers, and antioxidant therapy in OSAS patients.
We also analyzed the bibliography of the selected manuscripts for further relevant articles.

4.2. Inclusion and Exclusion Criteria

We have considered articles in the English language without time limits. We preferred
in vivo clinical analyses, but manuscripts describing animal models were not excluded if
useful for understanding and completing the mechanisms analyzed. Unpublished studies
were not considered for the present review.

4.3. Data Selection

As this is a narrative review, the decision regarding the inclusion of each article was
addressed jointly by the authors. After a careful selection of sources, the collected evidence
was discussed by the authors and summarized in this manuscript.

5. Conclusions

OSAS is not only a pathology related to sleep dysfunction but also has a significant
systemic impact. OS and IH lead to impaired endothelial function, osteoporosis, metabolic
alterations, systemic inflammation, cardiovascular complications, central and peripheral
neuronal degeneration, and pulmonary remodeling.

To counteract systemic effects, therapies based on NAC, Vitamin C, Leptin, or a
combination of Dronabinol and Atomoxetine appear to have promising results. Currently,
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the only approved therapy is CPAP, which is also capable of reversing many of the observed
molecular alterations. Therefore, drug therapy can be useful in the treatment of all those
dysfunctions that remain even after the restoration of normal nocturnal oxygenation.

OSAS patients are more frequently subject to erectile dysfunction; however, Sildenafil
should not be prescribed because it worsens the underlying disease. OSAS patients are also
more prone to vitamin D deficiency; therefore, this should be sought in newly diagnosed
patients and corrected.

In conclusion, it is important to discover new biomarkers through innovative diagnos-
tic tools [134,135], opening a new translational phase aimed at tuning oxidative profiles in
OSAS patients.

Author Contributions: A.M. and C.B. contributed conception and design of the study; PG.M., FZ,,
FC.,, VDS, A.G. and M.d.V. contributed to the methodology; P.G.M. and F.Z. wrote the first draft of
the manuscript; supervision, C.P.,, M.E, C.B. and A.M,; project administration, C.B.; funding acquisi-
tion, A.M. and C.B. All authors have read and agreed to the published version of the manuscript.

Funding: “TRANSLATIONAL BIOMEDICINE: MULTI-ORGAN PATHOLOGY AND THERAPY’, n.
DSB.AD007.256 (CNR), to C.B.; and Prot. N.0000625 by BANCA D'ITALIA to A.M.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Authors thank IBBC-CNR, Sapienza University of Rome, and DOS, Sapienza
University, Policlinico Umberto I, Rome, Italy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Epstein, L.J.; Kristo, D.; Strollo, PJ.J.r.; Friedman, N.; Malhotra, A.; Patil, S.P; Ramar, K.; Rogers, R.; Schwab, R.J.; Weaver, EM.;
et al. Clinical guideline for the evaluation, management and long-term care of obstructive sleep apnea in adults. J. Clin. Sleep Med.
2009, 5, 263-276. [CrossRef] [PubMed]

Peppard, PE.; Young, T.; Barnet, ].H.; Palta, M.; Hagen, E.W.; Hla, K.M. Increased prevalence of sleep-disordered breathing in
adults. Am. J. Epidemiol. 2013, 177, 1006-1014. [CrossRef]

Senaratna, C.V.; Perret, ].L.; Lodge, C.]J.; Lowe, A.J.; Campbell, B.E.; Matheson, M.C.; Hamilton, G.S.; Dharmage, S.C. Prevalence
of obstructive sleep apnea in the general population: A systematic review. Sleep Med. Rev. 2017, 34, 70-81. [CrossRef]

Iannella, G.; Vicini, C.; Colizza, A.; Meccariello, G.; Polimeni, A.; Greco, A.; de Vincentiis, M.; de Vito, A.; Cammaroto, G.;
Gobbi, R.; et al. Aging effect on sleepiness and apneas severity in patients with obstructive sleep apnea syndrome: A meta-analysis
study. Eur. Arch. Oto-Rhino-Laryngol. 2019, 276, 3549-3556. [CrossRef]

Flemons, WW.; Buysse, D.; Redline, S. Sleep-related breathing disorders in adults: Recommendations for syndrome definition
and measurement techniques in clinical research. Sleep 1999, 22, 667-689. [CrossRef]

Lavie, L. Obstructive sleep apnoea syndrome—An oxidative stress disorder. Sleep Med. Rev. 2003, 7, 35-51. [CrossRef]

Lira, A.B.; de Sousa Rodrigues, C.F. Evaluation of oxidative stress markers in obstructive sleep apnea syndrome and additional
antioxidant therapy: A review article. Sleep Breath. 2016, 20, 1155-1160. [CrossRef] [PubMed]

Mohit; Tomar, M.S.; Sharma, D.; Nandan, S.; Pateriya, A.; Shrivastava, A.; Chand, P. Emerging role of metabolomics for biomarker
discovery in obstructive sleep apnea. Sleep Breath. 2022, 2, 1-8. [CrossRef]

Young, T.; Palta, M.; Dempsey, J.; Skatrud, J.; Weber, S.; Badr, S. The Occurrence of Sleep-Disordered Breathing among Middle-
Aged Adults. N. Engl. ]. Med. 1993, 328, 1230-1235. [CrossRef] [PubMed]

Nieto, EJ.; Young, T.B.; Lind, B.K.; Shahar, E.; Samet, ].M.; Redline, S.; D’Agostino, R.B.; Newman, A.B.; Lebowitz, M.D.;
Pickering, T.G. Association of sleep-disordered breathing sleep apnea, and hypertension in a large community-based study. J.
Am. Med. Assoc. 2000, 283, 1829-1836. [CrossRef]

Li, J.; Thorne, L.N.; Punjabi, N.M.; Sun, CK,; Schwartz, A.R.; Smith, P.L.; Marino, R.L.; Rodriguez, A.; Hubbard, W.C,;
O’Donnell, C.P; et al. Intermittent hypoxia induces hyperlipidemia in lean mice. Circ. Res. 2005, 97, 698-706. [CrossRef]
[PubMed]

Peppard, P.E.; Young, T,; Palta, M.; Skatrud, J. Prospective Study of the Association between Sleep-Disordered Breathing and
Hypertension. N. Engl. |. Med. 2000, 342, 1378-1384. [CrossRef]

Gozal, D.; Kheirandish-Gozal, L. Cardiovascular morbidity in obstructive sleep apnea: Oxidative stress, inflammation, and much
more. Am. J. Respir. Crit. Care Med. 2008, 177, 369-375. [CrossRef] [PubMed]


http://doi.org/10.5664/jcsm.27497
http://www.ncbi.nlm.nih.gov/pubmed/19960649
http://doi.org/10.1093/aje/kws342
http://doi.org/10.1016/j.smrv.2016.07.002
http://doi.org/10.1007/s00405-019-05616-0
http://doi.org/10.1093/sleep/22.5.667
http://doi.org/10.1053/smrv.2002.0261
http://doi.org/10.1007/s11325-016-1367-3
http://www.ncbi.nlm.nih.gov/pubmed/27255237
http://doi.org/10.1007/s11325-022-02730-y
http://doi.org/10.1056/nejm199304293281704
http://www.ncbi.nlm.nih.gov/pubmed/8464434
http://doi.org/10.1001/jama.283.14.1829
http://doi.org/10.1161/01.RES.0000183879.60089.a9
http://www.ncbi.nlm.nih.gov/pubmed/16123334
http://doi.org/10.1056/nejm200005113421901
http://doi.org/10.1164/rccm.200608-1190PP
http://www.ncbi.nlm.nih.gov/pubmed/17975198

Int. ]. Mol. Sci. 2023, 24, 5478 12 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kapur, VK.; Auckley, D.H.; Chowdhuri, S.; Kuhlmann, D.C.; Mehra, R.; Ramar, K.; Harrod, C.G. Clinical practice guideline for
diagnostic testing for adult obstructive sleep apnea: An American academy of sleep medicine clinical practice guideline. J. Clin.
Sleep Med. 2017, 13, 479-504. [CrossRef] [PubMed]

Punjabi, N.M.; Sorkin, J.D.; Katzel, L.I.; Goldberg, A.P.; Schwartz, A.R.; Smith, PL. Sleep-disordered breathing and insulin
resistance in middle-aged and overweight men. Am. J. Respir. Crit. Care Med. 2002, 165, 677-682. [CrossRef] [PubMed]

Taheri, S.; Mignot, E. The genetics of sleep disorders. Lancet Neurol. 2002, 1, 242-250. [CrossRef]

Hukins, C.A. Obstructive sleep apnea—Management update. Neuropsychiatr. Dis. Treat. 2006, 2, 309-326. [CrossRef]

Lee, ]J.S.; Choi, H.; Lee, H.; Ahn, S.; Noh, G. Biomechanical effect of mandibular advancement device with different protrusion
positions for treatment of obstructive sleep apnoea on tooth and facial bone: A finite element study. J. Oral Rehabil. 2018,
45,948-958. [CrossRef]

Ferguson, A.; Ono, T.; Lowe, A.A.; Al-Majed, S.; Love, L.L.; Fleetham, J.A. A short-term controlled trial of ant adjustable oral
appliance for the treatment of mild to moderate obstructive sleep apnoea. Thorax 1997, 52, 362-368. [CrossRef]

Xu, W,; Chi, L.; Row, BW.; Xu, R.; Ke, Y,; Xu, B.; Luo, C.; Kheirandish, L.; Gozal, D.; Liu, R. Increased oxidative stress is associated
with chronic intermittent hypoxia-mediated brain cortical neuronal cell apoptosis in a mouse model of sleep apnea. Neuroscience
2004, 126, 313-323. [CrossRef]

Celec, P; Jurkovicova, I.; Buchta, R.; Bartik, I.; Gardlik, R.; Palffy, R.; Mucska, I.; Hodosy, ]. Antioxidant vitamins prevent oxidative
and carbonyl stress in an animal model of obstructive sleep apnea. Sleep Breath. 2013, 17, 867-871. [CrossRef]

Pilkauskaite, G.; Miliauskas, S.; Sakalauskas, R. Reactive oxygen species production in peripheral blood neutrophils of obstructive
sleep apnea patients. Sci. World J. 2013, 2013, 421763. [CrossRef]

Olszewska, E.; Rogalska, J.; Brzéska, M.M. The association of oxidative stress in the uvular mucosa with obstructive sleep apnea
syndrome: A clinical study. J. Clin. Med. 2021, 10, 1132. [CrossRef]

Gabryelska, A.; Stawski, R.; Sochal, M.; Szmyd, B.; Biatasiewicz, P. Influence of one-night CPAP therapy on the changes of HIF-1o
protein in OSA patients: A pilot study. J. Sleep Res. 2020, 29, €12995. [CrossRef] [PubMed]

Lu, D; Li, N; Yao, X.; Zhou, L. Potential inflammatory markers in obstructive sleep apnea-hypopnea syndrome. Biomol. Biomed.
2017,17,47-53 . [CrossRef]

Gabryelska, A.; Szmyd, B.; Szemraj, J.; Stawski, R.; Sochal, M.; Biatasiewicz, P. Patients with obstructive sleep apnea present with
chronic upregulation of serum HIF-1a protein. . Clin. Sleep Med. 2020, 16, 1761-1768. [CrossRef]

Schulz, R.; Hummel, C.; Heinemann, S.; Seeger, W.; Grimminger, F. Serum levels of vascular endothelial growth factor are
elevated in patients with obstructive sleep apnea and severe nighttime hypoxia. Am. J. Respir. Crit. Care Med. 2002, 165, 67-70.
[CrossRef] [PubMed]

El-Solh, A.A.; Mador, M.]; Sikka, P; Dhillon, R.S.; Amsterdam, D.; Grant, B.].B. Adhesion molecules in patients with coronary
artery disease and moderate-to-severe obstructive sleep apnea. Chest 2002, 121, 1541-1547. [CrossRef]

Aydin, $.; Ozdemir, C.; Kiiciikali, C.I.; Sokiicii, S.N.; Giris, M.; Akcan, U.; Tiiziin, E. Reduced peripheral blood mononuclear cell
ROCKT1 and ROCK?2 levels in obstructive sleep apnea syndrome. In Vivo 2018, 32, 319-325. [CrossRef] [PubMed]

Jelic, S.; Lederer, D.J.; Adams, T.; Padeletti, M.; Colombo, P.C.; Factor, PH.; Le Jemtel, T.H. Vascular inflammation in obesity and
sleep apnea. Circulation 2010, 121, 1014-1021. [CrossRef]

Harki, O.; Tamisier, R.; Pépin, J.L.; Bailly, S.; Mahmani, A.; Gonthier, B.; Salomon, A.; Vilgrain, I.; Faury, G.; Briangon-Marjollet, A.
VE-cadherin cleavage in sleep apnoea: New insights into intermittent hypoxia-related endothelial permeability. Eur. Respir. |.
2021, 58, 2004518. [CrossRef]

Peng, L.; Li, Y;; Li, X;; Du, Y; Li, L.; Hu, C.; Zhang, J.; Qin, Y.; Wei, Y.; Zhang, H. Extracellular Vesicles Derived from Intermittent
Hypoxia-Treated Red Blood Cells Impair Endothelial Function Through Regulating eNOS Phosphorylation and ET-1 Expression.
Cardiovasc. Drugs Ther. 2020, 35, 901-913. [CrossRef] [PubMed]

Liu, K.X,; Chen, G.P; Lin, PL.; Huang, J.C.; Lin, X.; Qi, J.C.; Lin, Q.C. Detection and analysis of apoptosis- and autophagy-related
miRNAs of mouse vascular endothelial cells in chronic intermittent hypoxia model. Life Sci. 2018, 193, 194-199. [CrossRef]
Khalyfa, A.; Kheirandish-Gozal, L.; Khalyfa, A.A.; Philby, M.E,; Alonso-Alvarez, M.L.; Mohammadi, M.; Bhattacharjee, R.;
Teran-Santos, J.; Huang, L.; Andrade, J.; et al. Circulating plasma extracellular microvesicle MicroRNA cargo and endothelial
dysfunction in children with obstructive sleep apnea. Am. . Respir. Crit. Care Med. 2016, 194, 1116-1126. [CrossRef] [PubMed]
Bi, R.; Dai, Y;; Ma, Z.; Zhang, S.; Wang, L.; Lin, Q. Endothelial cell autophagy in chronic intermittent hypoxia is impaired by
miRNA-30a-mediated translational control of Beclin-1. J. Cell. Biochem. 2019, 120, 4214-4224. [CrossRef]

Lv, X.; Wang, K; Tang, W.; Yu, L.; Cao, H.; Chi, W.; Wang, B. miR-34a-5p was involved in chronic intermittent hypoxia-induced
autophagy of human coronary artery endothelial cells via Bcl-2/beclin 1 signal transduction pathway. J. Cell. Biochem. 2019,
120, 18871-18882. [CrossRef] [PubMed]

Lin, G.; Huang, J.; Chen, Q.; Chen, L.; Feng, D.; Zhang, S.; Huang, X.; Huang, Y.; Lin, Q. MiR-146a-5p mediates intermittent
hypoxia-induced injury in H9c2 cells by targeting XIAP. Oxid. Med. Cell. Longev. 2019, 2019, 6. [CrossRef] [PubMed]

Kim, Y.S.; Kwak, J.W.; Lee, K.E.; Cho, H.S.; Lim, S.J.; Kim, K.S.; Yang, H.S.; Kim, H.J. Can mitochondrial dysfunction be a
predictive factor for oxidative stress in patients with obstructive sleep apnea? Antioxid. Redox Signal. 2014, 21, 1285-1288.
[CrossRef]

Seo, YJ.; Ju, HM.; Lee, S.H.; Kwak, S.H.; Kang, M.].; Yoon, ].H.; Kim, C.H.; Cho, H.J]. Damage of inner ear sensory hair cells via
mitochondrial loss in a murine model of sleep apnea with chronic intermittent hypoxia. Sleep 2017, 40, 9. [CrossRef]


http://doi.org/10.5664/jcsm.6506
http://www.ncbi.nlm.nih.gov/pubmed/28162150
http://doi.org/10.1164/ajrccm.165.5.2104087
http://www.ncbi.nlm.nih.gov/pubmed/11874813
http://doi.org/10.1016/S1474-4422(02)00103-5
http://doi.org/10.2147/nedt.2006.2.3.309
http://doi.org/10.1111/joor.12709
http://doi.org/10.1136/thx.52.4.362
http://doi.org/10.1016/j.neuroscience.2004.03.055
http://doi.org/10.1007/s11325-012-0728-9
http://doi.org/10.1155/2013/421763
http://doi.org/10.3390/jcm10051132
http://doi.org/10.1111/jsr.12995
http://www.ncbi.nlm.nih.gov/pubmed/32166825
http://doi.org/10.17305/bjbms.2016.1579
http://doi.org/10.5664/jcsm.8682
http://doi.org/10.1164/ajrccm.165.1.2101062
http://www.ncbi.nlm.nih.gov/pubmed/11779732
http://doi.org/10.1378/chest.121.5.1541
http://doi.org/10.21873/invivo.11240
http://www.ncbi.nlm.nih.gov/pubmed/29475915
http://doi.org/10.1161/CIRCULATIONAHA.109.900357
http://doi.org/10.1183/13993003.04518-2020
http://doi.org/10.1007/s10557-020-07117-3
http://www.ncbi.nlm.nih.gov/pubmed/33242203
http://doi.org/10.1016/j.lfs.2017.11.001
http://doi.org/10.1164/rccm.201602-0323OC
http://www.ncbi.nlm.nih.gov/pubmed/27163713
http://doi.org/10.1002/jcb.27708
http://doi.org/10.1002/jcb.29207
http://www.ncbi.nlm.nih.gov/pubmed/31218746
http://doi.org/10.1155/2019/6581217
http://www.ncbi.nlm.nih.gov/pubmed/31205587
http://doi.org/10.1089/ars.2014.5955
http://doi.org/10.1093/SLEEP/ZSX106

Int. ]. Mol. Sci. 2023, 24, 5478 13 of 16

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

Huang, H,; Jiang, X.; Dong, Y.; Zhang, X.; Ding, N.; Liu, ].; Hutchinson, S.Z.; Lu, G.; Zhang, X. Adiponectin alleviates genioglossal
mitochondrial dysfunction in rats exposed to intermittent hypoxia. PLoS ONE 2014, 9, 10. [CrossRef]

Stl, P.S.; Johansson, B. Abnormal mitochondria organization and oxidative activity in the palate muscles of long-term snorers
with obstructive sleep apnea. Respiration 2012, 83, 407-417. [CrossRef]

Vgontzas, A.N.; Papanicolaou, D.A.; Bixler, E.O.; Kales, A.; Tyson, K.; Chrousos, G.P. Elevation of plasma cytokines in disorders
of excessive daytime sleepiness: Role of sleep disturbance and obesity. J. Clin. Endocrinol. Metab. 1997, 82, 1313-1316. [CrossRef]
Olszewska, E.; Pietrewicz, T.M.; Swiderska, M.; Jamiotkowski, J.; Chabowski, A. A Case-Control Study on the Changes in
High-Sensitivity C-Reactive Protein and Tumor Necrosis Factor-Alpha Levels with Surgical Treatment of OSAS. Int. ]. Mol. Sci.
2022, 23, 14116. [CrossRef]

Ryan, S.; Taylor, C.T.; McNicholas, W.T. Predictors of elevated nuclear factor-«B-dependent genes in obstructive sleep apnea
syndrome. Am. |. Respir. Crit. Care Med. 2006, 174, 824-830. [CrossRef] [PubMed]

Toujani, S.; Kaabachi, W.; Mjid, M.; Hamzaoui, K.; Cherif, J.; Beji, M. Vitamin D deficiency and interleukin-17 relationship in
severe obstructive sleep apnea-hypopnea syndrome. Ann. Thorac. Med. 2017, 12, 107-113. [CrossRef]

Fiedorczuk, P.; Olszewska, E.; Rogalska, J.; Brzoska, M.M. Osteoprotegerin, Chitinase 3-like Protein 1, and Cardiotrophin-1 as
Potential Biomarkers of Obstructive Sleep Apnea in Adults—A Case-Control Study. Int. . Mol. Sci. 2023, 24, 2607. [CrossRef]
[PubMed]

Akinnusi, M.; Jaoude, P,; Kufel, T.; El-Solh, A.A. Toll-like receptor activity in patients with obstructive sleep apnea. Sleep Breath.
2013, 17, 1009-1016. [CrossRef] [PubMed]

Huang, K.T,; Chen, Y.C,; Tseng, C.C.; Chang, H.C.; Su, M.C.; Wang, T.Y; Lin, Y.Y.; Zheng, Y.X.; Chang, J.C.; Chin, C.H.; et al.
Aberrant DNA methylation of the toll-like receptors 2 and 6 genes in patients with obstructive sleep apnea. PLoS ONE 2020, 15, 2.
[CrossRef]

Chen, Y.C; Chen, TW.; Su, M.C.; Chen, C.J.; Chen, K.D.; Liou, CW.,; Tang, P.; Wang, T.Y.; Chang, ].C.; Wang, C.C; et al. Whole
genome DNA methylation analysis of obstructive sleep apnea: IL1R2, NPR2, AR, SP140 methylation and clinical phenotype.
Sleep 2016, 39, 743-755. [CrossRef] [PubMed]

Shamsuzzaman, A.; Amin, R.S.; Calvin, A.D.; Davison, D.; Somers, V.K. Severity of obstructive sleep apnea is associated with
elevated plasma fibrinogen in otherwise healthy patients. Sleep Breath. 2014, 18, 761-766. [CrossRef] [PubMed]

Hayashi, M.; Fujimoto, K.; Urushibata, K.; Takamizawa, A.; Kinoshita, O.; Kubo, K. Hypoxia-sensitive molecules may modulate
the development of atherosclerosis in sleep apnoea syndrome. Respirology 2006, 11, 24-31. [CrossRef] [PubMed]

Steffanina, A.; Proietti, L.; Antonaglia, C.; Palange, P.; Angelici, E.; Canipari, R. The plasminogen system and transforming
growth factor- in subjects with obstructive sleep apnea syndrome: Effects of CPAP treatment. Respir. Care 2015, 60, 1643-1651.
[CrossRef]

Fiedorczuk, P; Strézyniski, A.; Olszewska, E. Is the oxidative stress in obstructive sleep apnea associated with cardiovascular
complications? Systematic review. J. Clin. Med. 2020, 9, 3734. [CrossRef] [PubMed]

Gabryelska, A.; Turkiewicz, S.; Ditmer, M.; Sochal, M. Neurotrophins in the Neuropathophysiology, Course, and Complications
of Obstructive Sleep Apnea-A Narrative Review. Int. . Mol. Sci. 2023, 24, 1808. [CrossRef] [PubMed]

Engeli, S.; Blither, M.; Jumpertz, R.; Wiesner, T.; Wirtz, H.; Bosse-Henck, A.; Stumvoll, M.; Batkai, S.; Pacher, P.; Harvey-White, J.;
et al. Circulating anandamide and blood pressure in patients with obstructive sleep apnea. J. Hypertens. 2012, 30, 2345-2351.
[CrossRef]

Findley, L.J.; Boykin, M.; Fallon, T.; Belardinelli, L. Plasma adenosine and hypoxemia in patients with sleep apnea. J. Appl. Physiol.
1988, 64, 556-561. [CrossRef]

Gonzaga, C.C.; Gaddam, K.K.; Ahmed, M.L; Pimenta, E.; Thomas, S.J.; Harding, S.M.; Oparil, S.; Cofield, S.S. Calhoun DA
Severity of obstructive sleep apnea is related to aldosterone status in subjects with resistant hypertension. J. Clin. Sleep Med. 2010,
6, 363-368. [CrossRef]

Day, RM.; Matus, L.A,; Suzuki, Y.J.; Yeum, K.J.; Qin, J.; Park, AM,; Jain, V.; Kuru, T.; Tang, G. Plasma levels of retinoids,
carotenoids and tocopherols in patients with mild obstructive sleep apnoea. Respirology 2009, 14, 1134-1142. [CrossRef]
Papandreou, C. Independent associations between fatty acids and sleep quality among obese patients with obstructive sleep
apnoea syndrome. J. Sleep Res. 2013, 22, 569-572. [CrossRef]

Xu, H.; Zheng, X.; Qian, Y.; Guan, J.; Yi, H.; Zou, J.; Wang, Y.; Meng, L.; Zhao, A.; Yin, S.; et al. Metabolomics Profiling for
Obstructive Sleep Apnea and Simple Snorers. Sci. Rep. 2016, 6, srep30958. [CrossRef]

Lebkuchen, A.; Carvalho, V.M.; Venturini, G.; Salgueiro, J.S.; Freitas, L.S.; Dellavance, A.; Martins, F.C.; Lorenzi-Filho, G.;
Cardozo, KH.M.; Drager, L.F. Metabolomic and lipidomic profile in men with obstructive sleep apnoea: Implications for diagno-
sis and biomarkers of cardiovascular risk. Sci. Rep. 2018, 8, 11270. [CrossRef] [PubMed]

Ryan, S.; Arnaud, C.; Fitzpatrick, S.F.; Gaucher, ].; Tamisier, R.; Pépin, ].L. Adipose tissue as a key player in obstructive sleep
apnoea. Eur. Respir. Rev. 2019, 28, 190006. [CrossRef] [PubMed]

Kurt, O.K;; Tosun, M.; Alcelik, A.; Yilmaz, B.; Talay, F. Serum omentin levels in patients with obstructive sleep apnea. Sleep Breath.
2014, 18, 391-395. [CrossRef]

Imayama, I; Prasad, B. Role of leptin in obstructive sleep apnea. Ann. Am. Thorac. Soc. 2017, 14, 1607-1621. [CrossRef]

Schiza, S.E.; Mermigkis, C.; Bouloukaki, I. Leptin and leptin receptor gene polymorphisms and obstructive sleep apnea syndrome:
Is there an association? Sleep Breath. 2015, 19, 1079-1080. [CrossRef]


http://doi.org/10.1371/journal.pone.0109284
http://doi.org/10.1159/000336040
http://doi.org/10.1210/jcem.82.5.3950
http://doi.org/10.3390/ijms232214116
http://doi.org/10.1164/rccm.200601-066OC
http://www.ncbi.nlm.nih.gov/pubmed/16840748
http://doi.org/10.4103/atm.ATM_301_16
http://doi.org/10.3390/ijms24032607
http://www.ncbi.nlm.nih.gov/pubmed/36768925
http://doi.org/10.1007/s11325-012-0791-2
http://www.ncbi.nlm.nih.gov/pubmed/23239459
http://doi.org/10.1371/journal.pone.0228958
http://doi.org/10.5665/sleep.5620
http://www.ncbi.nlm.nih.gov/pubmed/26888452
http://doi.org/10.1007/s11325-014-0938-4
http://www.ncbi.nlm.nih.gov/pubmed/24510497
http://doi.org/10.1111/j.1440-1843.2006.00780.x
http://www.ncbi.nlm.nih.gov/pubmed/16423198
http://doi.org/10.4187/respcare.03571
http://doi.org/10.3390/jcm9113734
http://www.ncbi.nlm.nih.gov/pubmed/33233796
http://doi.org/10.3390/ijms24031808
http://www.ncbi.nlm.nih.gov/pubmed/36768132
http://doi.org/10.1097/HJH.0b013e3283591595
http://doi.org/10.1152/jappl.1988.64.2.556
http://doi.org/10.5664/jcsm.27878
http://doi.org/10.1111/j.1440-1843.2009.01623.x
http://doi.org/10.1111/jsr.12043
http://doi.org/10.1038/srep30958
http://doi.org/10.1038/s41598-018-29727-6
http://www.ncbi.nlm.nih.gov/pubmed/30050090
http://doi.org/10.1183/16000617.0006-2019
http://www.ncbi.nlm.nih.gov/pubmed/31243096
http://doi.org/10.1007/s11325-013-0898-0
http://doi.org/10.1513/AnnalsATS.201702-181FR
http://doi.org/10.1007/s11325-015-1139-5

Int. ]. Mol. Sci. 2023, 24, 5478 14 of 16

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Gharib, 5.A.; Hayes, A.L.; Rosen, M.].; Patel, S.R. A pathway-based analysis on the effects of obstructive sleep apnea in modulating
visceral fat transcriptome. Sleep 2013, 36, 23-30. [CrossRef]

Badran, M.; Gozal, D. PAI-1: A Major Player in the Vascular Dysfunction in Obstructive Sleep Apnea? Int. J. Mol. Sci. 2022,
23, 5516. [CrossRef]

Jordan, W.; Berger, C.; Cohrs, S.; Rodenbeck, A.; Mayer, G.; Niedmann, P.D.; von Ahsen, N.; Riither, E.; Kornhuber, J.; Bleich, S.
CPAP-therapy effectively lowers serum homocysteine in obstructive sleep apnea syndrome. |. Neural Transm. 2004, 111, 683—689.
[CrossRef]

Ozkan, Y.; Firat, H.; Simsek, B.; Torun, M.; Yardim-Akaydin, S. Circulating nitric oxide (NO), asymmetric dimethylarginine
(ADMA), homocysteine, and oxidative status in obstructive sleep apnea-hypopnea syndrome (OSAHS). Sleep Breath. 2008,
12, 149-154. [CrossRef]

Paik, M.J.; Kim, D.K,; Nguyen, D.T.; Lee, G.; Rhee, C.S.; Yoon, LY.; Kim, ].W. Correlation of daytime sleepiness with urine
metabolites in patients with obstructive sleep apnea. Sleep Breath. 2014, 18, 517-523. [CrossRef] [PubMed]

Liu, Z.L.; Wu, X;; Luo, Y.J.; Wang, L.; Qu, WM.; Li, S.Q.; Huang, Z.L. Signaling mechanism underlying the histamine-modulated
action of hypoglossal motoneurons. J. Neurochem. 2016, 137, 277-286. [CrossRef]

Kubin, L. Sleep-wake control of the upper airway by noradrenergic neurons, with and without intermittent hypoxia. Prog. Brain
Res. 2014, 209, 255-274. [CrossRef] [PubMed]

Grace, K.P,; Hughes, S.W.; Shahabi, S.; Horner, R.L. K+ Channel modulation causes genioglossus inhibition in REM sleep and is a
strategy for reactivation. Respir. Physiol. Neurobiol. 2013, 188, 277-288. [CrossRef] [PubMed]

Gabryelska, A.; Sochal, M. Evaluation of HIF-1 Involvement in the BDNF and ProBDNF Signaling Pathways among Obstructive
Sleep Apnea Patients. Int. ]. Mol. Sci. 2022, 23, 14876. [CrossRef]

Gabryelska, A.; Turkiewicz, S.; Ditmer, M.; Karuga, EE; Strzelecki, D.; Bialasiewicz, P.; Sochal, M. BDNF and proBDNF Serum
Protein Levels in Obstructive Sleep Apnea Patients and Their Involvement in Insomnia and Depression Symptoms. . Clin. Med.
2022, 11, 7135. [CrossRef] [PubMed]

Wang, WH.; He, G.P; Xiao, X.P.; Gu, C.; Chen, H.Y. Relationship between brain-derived neurotrophic factor and cognitive
function of obstructive sleep apnea/hypopnea syndrome patients. Asian Pac. ]. Trop. Med. 2012, 5, 906-910. [CrossRef]
Andrade, A.G.; Bubu, O.M.; Varga, A.W.; Osorio, R.S. The Relationship between Obstructive Sleep Apnea and Alzheimer’s
Disease. ]. Alzheimer’s Dis. 2018, 64, S255-5270. [CrossRef]

Flores, K.R.; Viccaro, F.; Aquilini, M.; Scarpino, S.; Ronchetti, F.; Mancini, R.; Di Napoli, A.; Scozzi, D.; Ricci, A. Protective role of
brain derived neurotrophic factor (BDNF) in obstructive sleep apnea syndrome (OSAS) patients. PLoS ONE. 2020 15, e0227834.
[CrossRef]

Miao, E; Shuang, L.; Yin, Y.; Huo, H.; Kui, Z.; Hui, L. 7,8-Dihydroxyflavone protects retinal ganglion cells against chronic
intermittent hypoxia—Induced oxidative stress damage via activation of the BDNF/TrkB signaling pathway. Sleep Breath. 2022,
26, 287-295. [CrossRef]

Gabryelska, A.; Sochal, M.; Turkiewicz, S.; Bialasiewicz, P. Relationship between HIF-1 and circadian clock proteins in obstructive
sleep apnea patients—Preliminary study. J. Clin. Med. 2020, 9, 1599. [CrossRef]

Kaminska, M.; O’Sullivan, M.; Mery, V.P.; Lafontaine, A.L.; Robinson, A.; Gros, P.; Martin, J.G.; Benedetti, A.; Kimoff, R.J.
Inflammatory markers and BDNF in obstructive sleep apnea (OSA) in Parkinson’s disease (PD). Sleep Med. 2022, 90, 258-261.
[CrossRef]

Yang, C.; Zhou, Y.; Liu, H.; Xu, P. The Role of Inflammation in Cognitive Impairment of Obstructive Sleep Apnea Syndrome.
Brain Sci. 2022, 12, 1303. [CrossRef]

Arslan, B.; Semsi, R.; Iriz, A.; Dingel, A.S. The evaluation of serum brain-derived neurotrophic factor and neurofilament light
chain levels in patients with obstructive sleep apnea syndrome. Laryngoscope Investig. Otolaryngol. 2021, 6, 1466—1473. [CrossRef]
[PubMed]

Shan, X.; Chi, L.; Ke, Y.; Luo, C.; Qian, S.; Gozal, D.; Liu, R. Manganese superoxide dismutase protects mouse cortical neurons
from chronic intermittent hypoxia-mediated oxidative damage. Neurobiol. Dis. 2007, 28, 206-215. [CrossRef]

Ling, J.; Yu, Q.; Li, Y;; Yuan, X.; Wang, X.; Liu, W.; Guo, T.; Duan, Y,; Li, L. Edaravone improves intermittent hypoxia-induced
cognitive impairment and hippocampal damage in rats. Biol. Pharm. Bull. 2020, 43, 1196-1201. [CrossRef]

Sadasivam, K,; Patial, K.; Vijayan, V.K.; Ravi, K. Antioxidant treatment in obstructive sleep apnoea syndrome. Indian, ]. Chest Dis.
Allied Sci. 2011, 53, 153-162.

Grebe, M.; Eisele, H.].; Weissmann, N.; Schaefer, C.; Tillmanns, H.; Seeger, W.; Schulz, R. Antioxidant vitamin C improves
endothelial function in obstructive sleep apnea. Am. J. Respir. Crit. Care Med. 2006, 173, 897-901. [CrossRef]

MacRea, M.; Martin, T.; Zagrean, L.; Jia, Z.; Misra, H. Role of leptin as antioxidant in obstructive sleep apnea: An in vitro study
using electron paramagnetic resonance method. Sleep Breath. 2013, 17, 105-110. [CrossRef] [PubMed]

Chen, HH.; Ly, J.; Guan, Y.F; Li, S.J.; Hu, T.T,; Xie, Z.S.; Wang, F; Peng, X.H,; Liu, X.; Xu, X,; et al. Estrogen/ERR-« signaling axis
is associated with fiber-type conversion of upper airway muscles in patients with obstructive sleep apnea hypopnea syndrome.
Sci. Rep. 2016, 6, 27088. [CrossRef] [PubMed]

Zhou, J.; Liu, Y. Effects of genistein and estrogen on the genioglossus in rats exposed to chronic intermittent hypoxia may be
HIF-1o dependent. Oral Dis. 2013, 19, 702-711. [CrossRef] [PubMed]


http://doi.org/10.5665/sleep.2294
http://doi.org/10.3390/ijms23105516
http://doi.org/10.1007/s00702-004-0130-2
http://doi.org/10.1007/s11325-007-0148-4
http://doi.org/10.1007/s11325-013-0913-5
http://www.ncbi.nlm.nih.gov/pubmed/24402350
http://doi.org/10.1111/jnc.13548
http://doi.org/10.1016/B978-0-444-63274-6.00013-8
http://www.ncbi.nlm.nih.gov/pubmed/24746052
http://doi.org/10.1016/j.resp.2013.07.011
http://www.ncbi.nlm.nih.gov/pubmed/23872455
http://doi.org/10.3390/ijms232314876
http://doi.org/10.3390/jcm11237135
http://www.ncbi.nlm.nih.gov/pubmed/36498709
http://doi.org/10.1016/S1995-7645(12)60169-2
http://doi.org/10.3233/JAD-179936
http://doi.org/10.1371/journal.pone.0227834
http://doi.org/10.1007/s11325-021-02400-5
http://doi.org/10.3390/jcm9051599
http://doi.org/10.1016/j.sleep.2021.11.018
http://doi.org/10.3390/brainsci12101303
http://doi.org/10.1002/lio2.683
http://www.ncbi.nlm.nih.gov/pubmed/34938889
http://doi.org/10.1016/j.nbd.2007.07.013
http://doi.org/10.1248/bpb.b20-00085
http://doi.org/10.1164/rccm.200508-1223OC
http://doi.org/10.1007/s11325-012-0656-8
http://www.ncbi.nlm.nih.gov/pubmed/22307865
http://doi.org/10.1038/srep27088
http://www.ncbi.nlm.nih.gov/pubmed/27250523
http://doi.org/10.1111/odi.12060
http://www.ncbi.nlm.nih.gov/pubmed/23294197

Int. ]. Mol. Sci. 2023, 24, 5478 150f 16

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Jaffuel, D.; Mallet, ].P.; Dauvilliers, Y.; Bourdin, A. Is the muscle the only potential target of desipramine in obstructive sleep
apnea syndrome? Am. J. Respir. Crit. Care Med. 2017, 195, 1677-1678. [CrossRef]

Taranto-Montemurro, L.; Sands, S.A.; Edwards, B.A.; Eckert, D.].; White, D.P.; Wellman, A. Is the muscle the only potential target
of desipramine in obstructive sleep apnea syndrome? Reply. Am. J. Respir. Crit. Care Med. 2017, 195, 1678-1679. [CrossRef]
[PubMed]

Eckert, D.J.; Malhotra, A.; Wellman, A.; White, D.P. Trazodone increases the respiratory arousal threshold in patients with
obstructive sleep apnea and a low arousal threshold. Sleep 2014, 37, 811-819. [CrossRef]

Carley, D.W.,; Prasad, B.; Reid, K.J.; Malkani, R.; Attarian, H.; Abbott, S.M.; Vern, B.; Xie, H.; Yuan, C.; Zee, P.C. Pharmacotherapy
of apnea by cannabimimetic enhancement, the PACE clinical trial: Effects of dronabinol in obstructive sleep apnea. Sleep 2018,
41, zsx184. [CrossRef] [PubMed]

Roizenblatt, S.; Guilleminault, C.; Poyares, D.; Cintra, F; Kauati, A.; Tufik, S. A double-blind, placebo-controlled, crossover study
of sildenafil in obstructive sleep apnea. Arch. Intern. Med. 2006, 166, 1763-1767. [CrossRef] [PubMed]

Taranto-Montemurro, L.; Messineo, L.; Sands, S.A.; Azarbarzin, A.; Marques, M.; Edwards, B.A.; Eckert, D.J.; White, D.P;
Wellman, A. The combination of atomoxetine and oxybutynin greatly reduces obstructive sleep apnea severity a randomized,
placebo-controlled, double-blind crossover trial. Am. J. Respir. Crit. Care Med. 2019, 199, 1267-1276. [CrossRef] [PubMed]

Zhao, F; Meng, Y.; Wang, Y.; Fan, S.; Liu, Y.; Zhang, X; Ran, C.; Wang, H.; Lu, M. Protective effect of Astragaloside IV on chronic
intermittent hypoxia-induced vascular endothelial dysfunction through the calpain-1/SIRT1/AMPK signaling pathway. Front.
Pharmacol. 2022, 13, 920977. [CrossRef] [PubMed]

Hou, Y.; Yang, H.; Cui, Z.; Tai, X.; Chu, Y.; Guo, X. Tauroursodeoxycholic acid attenuates endoplasmic reticulum stress and
protects the liver from chronic intermittent hypoxia induced injury. Exp. Ther. Med. 2017, 14, 2461-2468. [CrossRef]

Inamoto, S.; Yoshioka, T.; Yamashita, C.; Miyamura, M.; Mori, T.; Ukimura, A.; Matsumoto, C.; Matsumura, Y.; Kitaura, Y.;
Hayashi, T. Pitavastatin reduces oxidative stress and attenuates intermittent hypoxia-induced left ventricular remodeling in lean
mice. Hypertens. Res. 2010, 33, 579-586. [CrossRef]

Williams, A.L.; Chen, L.; Scharf, S.M. Effects of allopurinol on cardiac function and oxidant stress in chronic intermittent hypoxia.
Sleep Breath. 2010, 14, 51-57. [CrossRef]

Fleming, W.E.; Holty, J.C.; Bogan, RK.; Hwang, D.; Ferouz-Colborn, A.S.; Budhiraja, R.; Redline, S.; Mensah-Osman, E.;
Osman, N.I; Li, Q.; et al. Use of blood biomarkers to screen for obstructive sleep apnea. Nat. Sci. Sleep 2018, 10, 159-167.
[CrossRef] [PubMed]

Wu, W,; Li, Z; Tang, T.; Wu, J.; Liu, F,; Gu, L. 5-HTR2A and IL-6 polymorphisms and obstructive sleep apnea-hypopnea syndrome.
Biomed. Rep. 2016, 4, 203-208. [CrossRef]

Lin, SW.; Tsai, C.N.; Lee, Y.S.; Chu, S.E; Chen, N.H. Gene expression profiles in peripheral blood mononuclear cells of asian
obstructive sleep apnea patients. Biomed. ]. 2014, 37, 60-70. [CrossRef] [PubMed]

Strausz, S.; Ruotsalainen, S.; Ollila, H.M.; Karjalainen, J.; Kiiskinen, T.; Reeve, M.; Kurki, M.; Mars, N.; Havulinna, A.S.; Luonsi, E.;
et al. Genetic analysis of obstructive sleep apnoea discovers a strong association with cardiometabolic health. Eur. Respir. J. 2021,
57,2003091. [CrossRef] [PubMed]

Li, J.; Lv, Q,; Sun, H; Yang, Y,; Jiao, X.; Yang, S.; Yu, H.; Qin, Y. Combined Association Between ADIPOQ, PPARG, and TNF Genes
Variants and Obstructive Sleep Apnea in Chinese Han Population. Nat. Sci. Sleep 2022, 14, 363-372. [CrossRef]

Tanizawa, K.; Chin, K. Genetic factors in sleep-disordered breathing. Respir. Investig. 2018, 56, 111-119. [CrossRef]

Wang, H.; Cade, B.E.; Sofer, T; Sands, S.A.; Chen, H.; Browning, S.R.; Stilp, A.M.; Louie, T.L.; Thornton, T.A.; Johnson, W.C.; et al.
Admixture mapping identifies novel loci for obstructive sleep apnea in Hispanic/Latino Americans. Hum. Mol. Genet. 2019,
28, 675-687. [CrossRef]

Kalra, M.; Pal, P,; Kaushal, R.; Amin, R.S.; Dolan, L.M,; Fitz, K.; Kumar, S.; Sheng, X.; Guha, S.; Mallik, ].; et al. Association of
ApoE genetic variants with obstructive sleep apnea in children. Sleep Med. 2008, 9, 260-265. [CrossRef]

Gozal, D.; Khalyfa, A.; Capdevila, O.S.; Kheirandish-Gozal, L.; Khalyfa, A.A.; Kim, J. Cognitive function in prepubertal children
with obstructive sleep apnea: A modifying role for NADPH oxidase p22 subunit gene polymorphisms? Antioxid. Redox Signal.
2012, 16, 171-177. [CrossRef]

Cade, B.E.; Chen, H.; Stilp, A.M.; Gleason, K.J.; Sofer, T.; Ancoli-Israel, S.; Arens, R.; Bell, G.I; Below, ].E.; Bjonnes, A.C.; et al.
Genetic associations with obstructive sleep apnea traits in Hispanic/Latino Americans. Am. ]. Respir. Crit. Care Med. 2016,
194, 886-897. [CrossRef]

Chen, W.; Ye, J.; Han, D.; Yin, G.; Wang, B.; Zhang, Y. Association of prepro-orexin polymorphism with obstructive sleep
apnea/hypopnea syndrome. Am. J. Otolaryngol.-Head Neck Med. Surg. 2012, 33, 31-36. [CrossRef]

Pinilla, L.; Barbé, F.; de Gonzalo-Calvo, D. MicroRNAs to guide medical decision-making in obstructive sleep apnea: A review.
Sleep Med. Rev. 2021, 59, 101458. [CrossRef]

Li, K.; Wei, P; Qin, Y.; Wei, Y. MicroRNA expression profiling and bioinformatics analysis of dysregulated microRNAs in
obstructive sleep apnea patients. Medicine 2017, 96, €7917. [CrossRef]

Chen, Q.; Lin, G.; Huang, J.; Chen, G.; Huang, X.; Lin, Q. Expression profile of long non-coding RNAs in rat models of
OSA-induced cardiovascular disease: New insight into pathogenesis. Sleep Breath. 2019, 23, 795-804. [CrossRef]

Li, K.; Chen, Z; Qin, Y.; Wei, Y. MiR-664a-3p expression in patients with obstructive sleep apnea: A potential marker of
atherosclerosis. Medicine 2018, 97, €9813. [CrossRef] [PubMed]


http://doi.org/10.1164/rccm.201612-2506LE
http://doi.org/10.1164/rccm.201701-0172LE
http://www.ncbi.nlm.nih.gov/pubmed/28186830
http://doi.org/10.5665/sleep.3596
http://doi.org/10.1093/sleep/zsx184
http://www.ncbi.nlm.nih.gov/pubmed/29121334
http://doi.org/10.1001/archinte.166.16.1763
http://www.ncbi.nlm.nih.gov/pubmed/16983056
http://doi.org/10.1164/rccm.201808-1493OC
http://www.ncbi.nlm.nih.gov/pubmed/30395486
http://doi.org/10.3389/fphar.2022.920977
http://www.ncbi.nlm.nih.gov/pubmed/35983375
http://doi.org/10.3892/etm.2017.4804
http://doi.org/10.1038/hr.2010.36
http://doi.org/10.1007/s11325-009-0279-x
http://doi.org/10.2147/NSS.S164488
http://www.ncbi.nlm.nih.gov/pubmed/29942168
http://doi.org/10.3892/br.2015.558
http://doi.org/10.4103/2319-4170.113188
http://www.ncbi.nlm.nih.gov/pubmed/24732660
http://doi.org/10.1183/13993003.03091-2020
http://www.ncbi.nlm.nih.gov/pubmed/33243845
http://doi.org/10.2147/NSS.S343205
http://doi.org/10.1016/j.resinv.2017.11.012
http://doi.org/10.1093/hmg/ddy387
http://doi.org/10.1016/j.sleep.2007.05.001
http://doi.org/10.1089/ars.2011.4189
http://doi.org/10.1164/rccm.201512-2431OC
http://doi.org/10.1016/j.amjoto.2010.12.005
http://doi.org/10.1016/j.smrv.2021.101458
http://doi.org/10.1097/MD.0000000000007917
http://doi.org/10.1007/s11325-018-1753-0
http://doi.org/10.1097/MD.0000000000009813
http://www.ncbi.nlm.nih.gov/pubmed/29419680

Int. ]. Mol. Sci. 2023, 24, 5478 16 of 16

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Yang, X.; Niu, X,; Xiao, Y.; Lin, K.; Chen, X. MiRNA expression profiles in healthy OSAHS and OSAHS with arterial hyperten-
sion: Potential diagnostic and early warning markers 11 Medical and Health Sciences 1102 Cardiorespiratory Medicine and
Haematology. Respir. Res. 2018, 19, 194. [CrossRef]

Guo, Q.; Wang, Y,; Li, Q.Y,; Li, M.; Wan, H.Y. Levels of thioredoxin are related to the severity of obstructive sleep apnea: Based on
oxidative stress concept. Sleep Breath. 2013, 17, 311-316. [CrossRef]

Takahashi, K.I.; Chin, K.; Nakamura, H.; Morita, S.; Sumi, K.; Oga, T.; Matsumoto, H.; Niimi, A.; Fukuhara, S.; Yodoi, J.; et al.
Plasma thioredoxin, a novel oxidative stress marker, in patients with obstructive sleep apnea before and after nasal continuous
positive airway pressure. Antioxid. Redox Signal. 2008, 10, 715-726. [CrossRef] [PubMed]

Alzoghaibi, M.A.; BaHammam, A.S.O. Lipid peroxides, superoxide dismutase and circulating IL-8 and GCP-2 in patients with
severe obstructive sleep apnea: A pilot study. Sleep Breath. 2005, 9, 119-126. [CrossRef] [PubMed]

Jordan, W.; Cohrs, S.; Degner, D.; Meier, A.; Rodenbeck, A.; Mayer, G.; Pilz, |.; Riither, E.; Kornhuber, J.; Bleich, S. Evaluation of
oxidative stress measurements in obstructive sleep apnea syndrome. J. Neural Transm. 2006, 113, 239-254. [CrossRef]

Cofta, S.; Wysocka, E.; Piorunek, T.; Rzymkowska, M.; Batura-Gabryel, H.; Torlinski, L. Oxidative stress markers in the blood of
persons with different stages of obstructive sleep apnea syndrome. J. Physiol. Pharmacol. 2008, 59, 183-190.

Mancuso, M.; Bonanni, E.; LoGerfo, A.; Orsucci, D.; Maestri, M.; Chico, L.; DiCoscio, E.; Fabbrini, M.; Siciliano, G.; Murri, L.
Oxidative stress biomarkers in patients with untreated obstructive sleep apnea syndrome. Sleep Med. 2012, 13, 632-636. [CrossRef]
[PubMed]

Simiakakis, M.; Kapsimalis, F.; Chaligiannis, E.; Loukides, S.; Sitaras, N.; Alchanatis, M. Lack of effect of sleep apnea on oxidative
stress in obstructive sleep apnea syndrome (OSAS) patients. PLoS ONE 2012, 7, e39172. [CrossRef] [PubMed]

Katsoulis, K.; Kontakiotis, T.; Spanogiannis, D.; Vlachogiannis, E.; Kougioulis, M.; Gerou, S.; Daskalopoulou, E. Total antioxidant
status in patients with obstructive sleep apnea without comorbidities: The role of the severity of the disease. Sleep Breath. 2011,
15, 861-866. [CrossRef]

Gabryelska, A.; Karuga, EF.; Szmyd, B.; Bialasiewicz, P. HIF-1x as a Mediator of Insulin Resistance, T2DM, and Its Complications:
Potential Links with Obstructive Sleep Apnea. Front. Physiol. 2020, 11, 1035. [CrossRef] [PubMed]

Pinilla, L.; Benitez, 1.D.; Santamaria-Martos, F; Targa, A.; Moncusi-Moix, A.; Dalmases, M.; Minguez, O.; Aguila, M.; Jové, M.;
Sol, J.; et al. Plasma profiling reveals a blood-based metabolic fingerprint of obstructive sleep apnea. Biomed. Pharmacother. 2022,
145,112425. [CrossRef]

Lavie, L.; Lavie, P. Molecular mechanisms of cardiovascular disease in OSAHS: The oxidative stress link. Eur. Respir. ]. 2009,
33, 1467-1484. [CrossRef]

Kim, J.; Bhattacharjee, R.; Snow, A.B.; Capdevila, O.S.; Kheirandish-Gozal, L.; Gozal, D. Myeloid-related protein 8/14 levels in
children with obstructive sleep apnoea. Eur. Respir. ]. 2010, 35, 843-850. [CrossRef]

Barbato, C. MicroRNA-Mediated Silencing Pathways in the Nervous System and Neurological Diseases. Cells 2022, 11, 2375.
[CrossRef]

Liang, S.; Li, N.; Heizhati, M.; Yao, X.; Abdireim, A.; Wang, Y.; Abulikemu, Z.; Zhang, D.; Chang, G.; Kong, J.; et al. What do
changes in concentrations of serum surfactant proteins A and D in OSA mean? Sleep Breath. 2015, 19, 955-962. [CrossRef]
Kong, W.; Zheng, Y.; Xu, W.; Gu, H.; Wu, J. Biomarkers of Alzheimer’s disease in severe obstructive sleep apnea-hypopnea
syndrome in the Chinese population. Eur. Arch. Oto-Rhino-Laryngol. 2021, 278, 865-872. [CrossRef]

Gao, H.; Han, Z,; Huang, S.; Bai, R.; Ge, X.; Chen, F; Lei, P. Intermittent hypoxia caused cognitive dysfunction to relate to miRNAs
dysregulation in hippocampus. Behav. Brain Res. 2017, 335, 80-87. [CrossRef] [PubMed]

Chang, H.R,; Lien, C.E; Jeng, ].R,; Hsieh, J.C.; Chang, CW.,; Lin, ].H.; Yang, K.T. Intermittent Hypoxia Inhibits Na + -H +
Exchange-Mediated Acid Extrusion Via Intracellular Na + Accumulation in Cardiomyocytes. Cell Physiol. Biochem. 2018,
46,1252-1262. [CrossRef]

Fiedorczuk, P; Polecka, A.; Walasek, M.; Olszewska, E. Potential Diagnostic and Monitoring Biomarkers of Obstructive Sleep
Apnea—-Umbrella Review of Meta-Analyses. J. Clin. Med. 2023, 12, 60. [CrossRef]

Riccardi, G.; Bellizzi, M.G.; Fatuzzo, I.; Zoccali, F.; Cavalcanti, L.; Greco, A.; Vincentiis, M.d.; Ralli, M.; Fiore, M.; Petrella, C.; et al.
Salivary Biomarkers in Oral Squamous Cell Carcinoma: A Proteomic Overview. Proteomes 2022, 10, 37. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1186/s12931-018-0894-9
http://doi.org/10.1007/s11325-012-0692-4
http://doi.org/10.1089/ars.2007.1949
http://www.ncbi.nlm.nih.gov/pubmed/18199002
http://doi.org/10.1007/s11325-005-0022-1
http://www.ncbi.nlm.nih.gov/pubmed/15988615
http://doi.org/10.1007/s00702-005-0316-2
http://doi.org/10.1016/j.sleep.2011.10.030
http://www.ncbi.nlm.nih.gov/pubmed/22534161
http://doi.org/10.1371/journal.pone.0039172
http://www.ncbi.nlm.nih.gov/pubmed/22761732
http://doi.org/10.1007/s11325-010-0456-y
http://doi.org/10.3389/fphys.2020.01035
http://www.ncbi.nlm.nih.gov/pubmed/33013447
http://doi.org/10.1016/j.biopha.2021.112425
http://doi.org/10.1183/09031936.00086608
http://doi.org/10.1183/09031936.00075409
http://doi.org/10.3390/cells11152375
http://doi.org/10.1007/s11325-014-1106-6
http://doi.org/10.1007/s00405-020-05948-2
http://doi.org/10.1016/j.bbr.2017.06.025
http://www.ncbi.nlm.nih.gov/pubmed/28647595
http://doi.org/10.1159/000489076
http://doi.org/10.3390/jcm12010060
http://doi.org/10.3390/proteomes10040037
http://www.ncbi.nlm.nih.gov/pubmed/36412636

	Introduction 
	Results 
	Oxidative Stress (OS) 
	Mitochondrial Involvement 
	Inflammatory Signaling 
	Peripheral Blood Cells 
	Cardiovascular Implication of OSAS Inflammation 

	Circulating Metabolites 
	Urine Molecules 
	Neurotransmitters 
	Potential Therapies 
	Antioxidants 
	Non-Antioxidant-Based Therapy 

	Diagnostic Biomarkers 

	Discussion 
	Materials and Methods 
	Literature Research 
	Inclusion and Exclusion Criteria 
	Data Selection 

	Conclusions 
	References

