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Abstract. Obstructive sleep apnea (OSA), characterized by recurrent episodes of apnea during sleep and daytime sleepiness,
seriously affects human health and may lead to systemic organ dysfunction. The pathogenesis of OSA is complex and still
uncertain, but multiple surveys have shown that obesity is an important factor, and the incidence of OSA in people with
obesity is as high as 30%. Adipokines are a group of proteins secreted from adipocytes, which are dysregulated in obesity and
may contribute to OSA. Here, we review the most important and representative research results regarding the correlation
between obesity-related adipokines including leptin, adiponectin, omentin-1, chemerin, and resistin and OSA in the past 5
years, provide an overview of these key adipokines, and analyze possible intrinsic mechanisms and influencing factors. The
existing research shows that OSA is associated with an increase in the serum levels of leptin, chemerin, and resistin and a
decrease in the levels of adiponectin and omentin-1; the findings presented here can be used to monitor the development of
OSA and obesity, prevent future comorbidities, and identify risk factors for cardiovascular and other diseases, while different
adipokines can be linked to OSA through different pathways such as insulin resistance, intermittent hypoxia, and
inflammation, among others. We hope our review leads to a deeper and more comprehensive understanding of OSA based on

the relevant literature, which will also provide directions for future clinical research.
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Introduction

Obstructive sleep apnea (OSA) is the most common
type of sleep apnea, with an apnea-hypopnea index
(AHI) >5 events/h. The overall population prevalence is
between 9% and 38%, at an AHI >15 events/h, and the
prevalence in the general adult population ranges from
6% to 17% and is as high as 49% in older people [1].
OSA is characterized by nighttime sleep snoring with
apnea and daytime sleepiness, and intermittent hypoxia
(IH) is the main pathophysiological characteristic. The
pathophysiological mechanisms of OSA involve partial
or complete obstruction of the upper airway during sleep,
thereby hindering airflow into the lungs and resulting in
apnea, hypopnea, or increased respiratory efforts. The
disease can over time, through oxidative stress, sympa-
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thetic nerve activation, and systemic inflammation, lead
to hypertension, coronary heart disease, arrhythmia,
ischemic stroke, type 2 diabetes (T2DM), and insulin
resistance (IR), which seriously affect human health and
normal life [2, 3]. The pathogenesis of OSA is complex
and still uncertain, but multiple studies have shown that
obesity is an important factor. Obesity, which is defined
as an abnormal or excessive accumulation of adipose tis-
sue that can be harmful to health, is considered a chronic,
multifactorial disease [4]. The incidence of OSA in peo-
ple with obesity can reach 30% (the incidence in healthy
individuals is 2-4%), and the incidence of OSA in
patients with severe obesity is as high as 50-98% [5].
Recent studies have found that adipose tissue (especially
white adipose tissue) is a very active endocrine organ
that secretes a variety of biologically active signaling
molecules, collectively referred to as adipocytokines or
adipokines. Some of these (such as leptin, adiponectin,
omentin-1, chemokines, and resistin), which are consid-
ered to be important mediators for OSA development,
are secreted abnormally in patients with obesity. The
purpose of this review is to provide a current overview
of the relationship between OSA and obesity-related



2 Xu et al.

adipokines based on the literature published in the last 5
years, and discuss therapeutic intervention targets for
obesity and OSA.

Obesity and OSA

Obesity is considered to be the result of an interaction
between the genetic background of an individual and the
environment, affecting a large proportion of people of all
ages, various social backgrounds, and both sexes; it does
however affect women more than men [4]. OSA is an
important complication of obesity, while the increasing
prevalence of obesity has led to an increase in the preva-
lence of sleep and respiratory disorders in the general
population. A previous study found that the incidence of
OSA was 12 to 30 times higher in patients with obesity
than in the general population, and the risk of OSA
increased by four times for each standard deviation
increment of body mass index (BMI) [6]; in addition, a
four-year follow-up study showed that a modest (10%)
weight gain predicted a 32% increase in AHI and six-
fold odds of developing moderate-to-severe OSA [7].
Amin et al. found that White Europeans had a greater
rate of OSA due to greater rates of obesity and central
adiposity, and a logistic regression analysis in 105 South
Asians and 129 White Europeans showed that the obesity
index by itself can explain the OSA race differences [8].
Regarding the pathological mechanisms of OSA, it is
generally believed that obesity leads to excessive accu-
mulation of fat in the posterior wall of the maxillary,
pharynx, and upper airway, thus squeezing and eventu-
ally leading to collapse of the upper airway. Some
patients with obesity have increased levels of abdominal
fat, elevated abdominal pressure, and decreased lung
capacity due to the displacement of the diaphragm mus-
cle towards the head; while in the supine position, the
airway weight load is further increased and airway
obstruction is easily generated during sleep, resulting in
OSA [9, 10].

Recently, researchers have explored the association
between OSA and obesity in a variety of ways, including
the investigation of mechanisms involved in metabolism,
inflammation, and genetics. When comparing patients
with obesity to the general population, they tend to have
a higher number of fat cells and suffer from dyslipidemia
and IR; additionally, increasing OSA severity is associ-
ated with poorer control of diabetes, hypertension, and
dyslipidemia, which are all components of metabolic
syndrome [11]. Therefore, in recent years, an increasing
number of clinical studies have found that bariatric sur-
gery is an effective method to reduce the risk of OSA
[12, 13]. Moreover, Gaines indicated that “visceral obe-
sity and IR determined by genetic, constitutional, and

environmental factors are the principal culprits leading to
OSA, and these associations may be driven by a chronic,
low-grade inflammatory state” [14]. Similarly, other
studies have found that obesity and OSA are associated
with alterations of inflammatory markers, including C-
reactionprotein (CRP) and interleukin-6 (IL-6), and that
these markers may increase the risk of cardiovascular
diseases (CVDs) [12, 15]. Moreover, a positive correla-
tion was found between the BMI and lymphocyte counts
in patients with OSA with obesity [14, 16]. Furthermore,
some studies reported that secretion of the hypotha-
lamic corticotropin-releasing hormone (CRH, a type of
ventilator-stimulating agent) is diminished and that the
level of inflammatory cytokines, such as tumor necrosis
factor (TNF-a), is upregulated in obese patients, both of
which may be related to a higher risk of developing
apnea; hence, controlling hypothalamic inflammation
represents a new step in the treatment of OSA and obe-
sity in the general population [17].

Obesity-Related Adipokines in OSA

In recent years, studies have found that adipose tissue
is an endocrine organ that secretes a variety of adipo-
kines, including hormones and active factors [18]. Obe-
sity and its complications can affect the secretion of
these factors, and the fluctuation of the adipokine content
is closely related to insulin sensitivity and fat cell metab-
olism. The adipose tissue in patients with obesity can
produce a variety of pro-inflammatory factors (including
leptin, chemerin, and resistin) while inhibiting the secre-
tion of anti-inflammatory adipokines (such as adiponec-
tin and omentin-1) [19, 20]. An 8-year observational
study of 959 outpatients with obesity or normal glucose
tolerance found that in 133 patients with abnormal blood
sugar levels and 90 patients with diabetes, APN and
omentin-1 levels were lower, while leptin, chemerin,
and resistin levels were higher, which indicates the pre-
dictive effect of these adipokines on the metabolic abnor-
mality of obesity [21]. Pro-inflammatory adipokines are
involved in endothelial dysfunction and have been iden-
tified as important players in CVDs [22]; changes in the
levels of these factors disrupt the inflammatory response,
which is also considered to be a major common pathway
that causes and exacerbates OSA. Therefore, it is ex-
pected that new therapeutic targets for OSA will be
developed by controlling the pathogenic effect of
obesity-related adipokines. We summarize the sources
and functions of adipokines mentioned in this review
(Table 1) and describe their different roles in OSA below.
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Table 1 Sources and Functions of Adipokines

Sources Receptor

Main Function

White adipose tissue

Increase energy consumption; Inhibit fat synthesis and

Leptin (Obesity gene encoding) Leptin receptor, OB-R promc?te its qecorpposition; Inhibit the synthesis and
secretion of insulin
Adiponectin  Adipocyte Adipon'ectin Receptor 1 and 2; Improving in.sulin sensitivity; Anti-inflammatory, Anti-
Cadherin-T atherosclerotic
. . . . Anti-infl tory; lating fat metabolism;
Omentin-1  Omental adipose tissue Indetermination n1 1n. a“Tma (?ry reg.u. a. e
Improving insulin sensitivity
Specific receptor proteins [like Involved in immune response, inflammation, glucose
Chemerin  Adipose tissue ChemR23 (CMKLR1), otibolism ponse, 4=
RARRES2]
.. Adipose tissue; Immune . Inhibits insulin’s ability to stimulate sugar uptake; Pro-
Resistin o1 Indetermination .
and epithelial cells inflammatory
Leptin ing can also lead to leptin resistance [28]. Moreover, pre-

Leptin and leptin resistance

Leptin is a protein hormone secreted by white adipose
tissue and encoded by the Ob (LEP) gene which was
cloned in 1994 by Friedman and colleagues. Physiologi-
cal concentration of leptin mainly results from binding to
specific receptors (LepRb, a long functional isoform of
the leptin receptor) and interacting with the nucleus of
the hypothalamus to regulate appetite and energy expend-
iture. These processes are attributed to leptin suppress-
ing the orexigenic NPY and AgRP neurons and eliciting
the anorexigenic proopiomelanocortin (POMC) neurons
in the hypothalamic arcuate nucleus (ARC), while in the
peripheral tissue, it regulates hepatic gluconeogenesis
and skeletal muscle glucose uptake, among other pro-
cesses [23, 24]. While leptin levels are generally
higher in patients with obesity, high levels of leptin lead
to leptin resistance or hyperleptindemia. This can lead to
a loss of leptin’s anti-obesity properties and may induce
chronic inflammation, which equates to relative leptin
deficiency. Eventually, the energy metabolism and distri-
bution of body fat will show abnormalities, resulting in
centripetal fat deposition and the occurrence or aggrava-
tion of OSA [25], while significant weight loss leads to a
decrease in serum leptin levels and the improvement of
glycemic and lipid profiles [26]. Abnormal serum leptin
levels thus increase the risk of obesity, and they could
therefore be a valuable diagnostic marker of obesity and
its comorbidities. The molecular mechanism underlying
leptin resistance is still controversial, but elevated levels
of circulating C-reactive protein, overexpression of nega-
tive regulators like suppressors of cytokine signaling 3
(SOCS3) or protein tyrosine phosphatase 1B, or de-
creases in histone deacetylase 5 activity may play signifi-
cant roles [27]. A recent study also found that melatonin
receptor 1 signaling is an important regulator of leptin
signaling, and that a lack of melatonin receptor 1 signal-

vious studies have suggested that leptin in the central
nervous system needs to cross the blood-brain barrier
(BBB) and that impaired leptin transport to the brain is
an important cause of leptin resistance [29]. However,
Harrison ef al. used fluorescent BBB tracing and found
that although diet-induced obesity (DIO) mice are resist-
ant to leptin, their mediobasalhypothalami (MBH) or
ventricular septal organ do not show any defects in leptin
accumulation, while LepRa expression in the choroid
plexus drives leptin transfer from the blood to the cere-
brospinal fluid and its biodistribution in the brain. The
difference between these and previous results might stem
from the facts that the latter measurement was performed
when the accumulation of leptin reached the maximum
value of the MBH, and that the authors did not evaluate
the ratio of leptin entering the brain relative to the circu-
lation [30]. Nonetheless, these findings provide new
starting points for us to explore the mechanisms underly-
ing leptin resistance, so that future research can shift
from investigations of the transport of leptin across the
BBB to the search for other possible causes of leptin
resistance.
Effect of leptin on the upper airway

Leptin is a central respiratory stimulant. Yao et al.
suggested the dorsomedial hypothalamus and nucleus
tractus solitarius as the main site of the effects of leptin
on ventilatory control, such as leptin relieving upper air-
way obstruction through the dorsomedial hypothalamus
and its effect on respiratory pump muscles mediated by
the nucleus tractus solitarius; however, the latter effect
may be inhibited by increases in circulating leptin or
even by leptin resistance [31]. Research on obese mice
with leptin deficiency (ob/ob) shows that leptin can sta-
bilize pharyngeal patency and ameliorate hypoventilation
and upper airway obstruction in obesity [32, 33], and that
leptin replacement therapy can improve minute ventila-
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tion and tidal volumes during flow-limited breathing
[34]. Besides, leptin acts on LepRb in the carotid body to
stimulate breathing and the hypoxic ventilatory response,
which may protect against sleep disordered breathing in
obesity [35]. These findings indicate that leptin has the
potential to be used in the treatment of OSA and obesity
hypoventilation with relative leptin deficiency. Lately,
Berger et al. found that intranasal leptin can reduce the
number of oxygen desaturation events during rapid eye
movement (REM) sleep and increase ventilation during
non-REM and REM sleep in mice with diet-induced obe-
sity. The authors thus suggested a new method of admin-
istration that bypasses leptin resistance and significantly
attenuates sleep-disordered breathing independently of
body weight [34]. This innovative approach demon-
strates the potential of intranasal leptin for OSA treat-
ment and provides us with new ideas, but it lacks strong
evidence from clinical trial. A study in 23 obese women
and three obese men showed that increased circulating
leptin levels are associated with the ventilatory response
enhancement of upper airway obstruction and that they
can potentially reduce upper airway collapse and poten-
tial OSA severity, while OSA severity has nothing to do
with circulating leptin concentrations [36]; the study has
however some limitations, such as the small sample size,
the lack of male subjects, the fact that the female partici-
pants had a relatively mild form of OSA, and the fact
that leptin resistance was not taken into account. More-
over, a review of related research on the relationship
between leptin and OSA published between 2000 and
2017 found that the results of human studies do not con-
sistently support data from animal models, and suggests
that the differences may be due to diurnal changes in
leptin, obesity, and differences in age and sex [37].
Therefore, we cannot yet conclude that the effects of
leptin on the upper respiratory tract that are observed in
animal experiments also apply to humans. In order to
better understand and clarify the relationship between
leptin and OSA, improved study designs and advanced
methods to evaluate functional leptin levels are necessary.
Changing leptin levels in OSA

OSA is a type of sleep disorder caused by abnormali-
ties in the respiratory system. Previous research found
that plasma leptin levels in patients with OSA gradually
increased with OSA severity and that they were associ-
ated with AHI and nocturnal oxygen saturation levels
[37, 38]. There are, however, studies that show that lep-
tin levels are associated with obesity but not OSA
severity [36, 39]. The existing research does not allow us
to judge which conclusion is correct, but we believe that
leptin levels are related to the factors outlined above, and
that differences in results may be caused by differences
in research methods and samples. However, Bingol ef al.

reported recently that patients with severe OSA had
lower leptin levels (p = 0.023) [40], and we speculate
that these discrepancies in experimental results are due to
severe OSA having an inhibitory effect on leptin secretion;
the underlying mechanism still has to be investigated.

The mechanism underlying the changes in leptin levels
is not clear. On the one hand, hyperplasia of adipose tissue
in obese patients with OSA leads to increased leptin
secretion [25]; on the other hand, some researchers have
suggested that this is related to IH and oxidative stress,
and that IH may induce high leptin levels via phosphoryl-
ated signal transducer and activator of transcription 3
(STAT3), up-regulation of POMC, and the activation of
the sympathetic nervous system (SNS) and the renin-
angiotensin system (RAS) [24, 41]. IH can also directly
stimulate the hypothalamic-pituitary-adrenal (HPA) axis
with increasing leptin release and leptin resistance,
which has well-known negative consequences on glu-
cose metabolisms, including the inhibition of insulin
secretion and IR [42]. Besides, leptin-mediated increases
in reactive oxygen species (ROS) production and oxida-
tive stress might be potential mechanisms that link OSA
to an increased CVD risk [24]. Repeated episodes of
hypoxia and chronically increased serum leptin levels in
OSA and excessive supply of energy substrates to meta-
bolic pathways in patients with obesity promote the pro-
duction of ROS, which results in oxidative stress and
induces serial inflammatory reactions that cause endothe-
lial dysfunction, accompanied by up-regulation of adhe-
sion molecules, increases in monocytes, and inactivation
of nitric oxide. Eventually, these factors may induce
atherosclerosis, but effective OSA surgery can reduce
serum leptin levels and improve the CVD risk [43, 44].
Hypothalamic oxidative stress can damage POMC-
positive neurons and inhibit leptin signaling in the
hypothalamus, thereby leading to the development of
systemic leptin resistance, obesity, and IR. However, the
activation of NF-E2-related factor 2 (Nrf2) in the hypo-
thalamus prevents the accumulation of oxidative damage
in POMC-positive neurons and improves metabolic
abnormalities [45]. In addition, the overexpression of
IL-10 can restore POMC expression, while inhibiting
IKKs (IxB kinases) activation and SOCS3 expression in
the ARC of DIO mice, which may help improve hypo-
thalamic inflammation and leptin resistance [46].
Association between leptin and OSA at the genetic
level

Although previous studies have not found an associa-
tion between leptin/leptin receptor (LEPR) gene poly-
morphisms and OSA, or found that such an association
was only related to obesity and neck fat formation in
patients [47], two meta-analyses have found that the
LEPR GIn223Arg and the Pro1019Pro polymorphism in
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the Chinese population are risk factors for OSA [48, 49].
Moreover, Li et al. identified a novel variant of the
LEPR gene in obese patients with OSA and found that
the variant genotype 153790435 CC is associated with a
lower risk of OSA [50].

In conclusion, related studies have suggested that OSA
causes elevated plasma leptin levels and leptin resistance
and inhibits the physiological function of leptin to regu-
late body fat; subsequently, elevated leptin levels can
also promote fat deposition, thereby affecting normal
metabolism and neurological function, which may aggra-
vate the collapse or the occlusion of the respiratory tract
during sleep and ultimately contributes to OSA or to its
aggravation (Fig. 1). Controlling leptin levels in patients
with OSA may contribute to their recovery, but the spe-
cific clinical effects remain to be discussed and verified.

Adiponectin
The physiological function of APN

Adiponectin  (APN), also known as adipocyte
complement-related protein 30 (Acrp30), is a plasma
protein that interacts with the extracellular matrix [51].
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Compared to leptin, it has several beneficial and protec-
tive effects. Although APN is mainly secreted by adipose
tissue, previous studies have found that it is negatively
correlated with obesity. APN activates AMP-activated
protein kinase (AMPK), peroxisome proliferators-
activated receptors (PPAR)-a-y or other signaling path-
ways to regulate body weight and prompt the function of
anti-inflammation and antioxidative stress through two
receptors (AdipoR1, predominantly present in skeletal
muscles; AdipoR2, mainly found in the liver) [22, 52].
APN reduces free fatty acid levels, promotes lipid
metabolism, improves insulin function, and alleviates
inflammation, atherogenic dyslipidemia, and CVDs [53].
In the clinical practice, hypoadiponectinemia has become
one of the diagnostic criteria for metabolic syndrome.
Moreover, APN can induce the depolarization of POMC
neurons by activating phosphoinositide-3-kinase (PI3K)
signaling and inhibiting NPY/AgRP neurons and then
regulates the energy balance and glucose metabolism
synergistically with leptin [54]. Considering that leptin
resistance and hypoadiponectinemia are common in
patients with obesity and T2DM, the disruption of leptin

Nrf2
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Fig. 1

OSA induces abnormal secretion of leptin then causes different dysfunctions

Leptin levels are significantly higher in patients with OSA, IH in OSA may induce high leptin levels mainly via phosphorylated
STAT3, up-regulation of POMC, and the activation of the SNS; oxidative stress can lead to leptin resistance by damaging POMC-
positive neurons and inhibiting leptin signaling in the hypothalamus, which can be inhibited by Nrf2, IL-10. Elevated leptin levels
or leptin resistance may not only induce atherosclerosis by promoting the production of ROS, but promote fat deposition,
inflammation, and affect normal metabolism and neurological function in OSA patients.
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and adiponectin interactions may collectively affect
anorexia, by promoting caloric intake and energy accu-
mulation [55].
Association between APN and OSA

One study involving 486 patients (prevalence of obe-
sity: 28%; prevalence of OSA: 42%) found that APN
levels decreased gradually with the increasing severity of
OSA in the obesity group but not in the nonobese group
[56], suggesting that obesity affects APN secretion.
Domagata et al., however, observed low concentrations
of APN also in nonobese patients with OSA and a corre-
lation between APN concentrations and an important
index of OSA severity [57]. Lu ef al. conducted a meta-
analysis, after controlling for effects of age, sex, and
BMI on serum/plasma APN levels, which also revealed
that serum/plasma APN levels are significantly lower in
patients with OSA than in controls [58]. As mentioned
earlier, OSA is characterized by recurrent episodes of
apnea during sleep and daytime sleepiness, and IH is the
main pathophysiological characteristic. IH induced by
OSA has been shown to reduce APN levels via suppress-
ing APN mRNA levels in adipose tissue and disrupting
APN secretion, while other factors like IR or hypoxia-
induced sympathetic activation may also result in the
same effect [59]. In brief, OSA is associated with
decreased plasma APN levels, which is a significant risk
factor for the development and progression of OSA and
its complications. In addition, continuous positive air-
way pressure (CPAP) is an effective and preferred
method for the treatment of OSA, as it can significantly
normalize the hypoxemic stimulus and improve insulin
sensitivity [60]. However, CPAP seems to have no obvi-
ous effect on serum adiponectin recovery in patients with
OSA [61, 62].
The role of APN in OSA comorbidities

Patients with OSA with significantly reduced plasma
APN levels often have hypertension [63], which is
closely associated with early cardiac impairments [64]. A
lower APN/BMI index correlates with a higher risk of
cardiovascular and metabolic complications of OSA
[57]. IH causes human adult cardiac myocyte (HACM)
dysfunction by enhancing inflammatory mechanisms
[65]; however, some studies have demonstrated that
APN is a feasible novel therapeutic agent for the preven-
tion of IH-induced HACM dysfunction, which is possi-
bly mediated by AMPK and the nuclear factor kappa-B
(NF-xB) pathway [64, 66]. These results are consistent
with the cardiovascular protection of APN. Furthermore,
plasma APN levels in patients with OSA correlate with
T2DM, and dysregulation of the expression of APN may
lead to IR and impaired glucose tolerance (IGT) [67].
Moreover, chronic IH may induce oxidative stress in islet
cells, damage mitochondrial oxidative phosphorylation,

and reduce mitochondrial synthesis, thereby resulting in
reduced mitochondrial ATP production and abnormal
cytochrome C distribution. Moreover, APN can amelio-
rate the pancreatic islet injury induced by chronic IH
through the inhibition of oxidative stress [68]. High APN
levels are therefore considered to be a good predictor for
OSA and T2DM [51, 56]. OSA is also considered to be
associated with impaired renal function, and hypoxia
activating the RAS and sympathetic excitation leading to
glomerular ultrafiltration may be the potential underlying
mechanisms [69]. Currently, serum APN is considered to
play an important role in maintaining normal renal func-
tion, because of its anti-fibrotic and anti-inflammatory
activities that inhibit albuminuria and oxidative stress
through AMPK or ATP processes [70, 71]. Levels of
cystatin C, which is a more sensitive marker than creati-
nine to detect kidney function, have been found by Chen
et al. to be increased as a result of lower circulating APN
levels in patients with OSA [71]. This finding strongly
suggests APN as a regulator of renal function in OSA
(Fig. 2).
APN gene polymorphisms in OSA

The relationship between APN gene polymorphisms
and OSA has become a hot topic in research. Wu et al.
found that the allele or genotype distributions of
rs12495941, rs182052, and rs16861205 showed signifi-
cant differences relative to OSA severity [72]. In addi-
tion, Yang et al identified four ADIPOQ variants,
rs4686803, rs3774262, rs1063537, and rs2082940, asso-
ciated with OSA prevalence in a Chinese han population
after adjusting for confounding effects, among which
CT/TT genotypes of rs4686803, GA/AA genotypes of
rs3774262, and CT/TT genotypes of rsl063537 were
associated with an increased risk of OSA, and the
rs2082940 CC genotype was associated with a decreased
risk of OSA [73]. These findings confirm that ADIPOQ
variants are involved in the etiology of OSA, and suggest
that gene analysis may be helpful for the individualized
genotyping of patients with OSA and can contribute to
personalized diagnosis and treatment in the future.
Badran et al. recently found that gestational IH led to
vascular disease in adult male offspring of women with
OSA, which was associated with low adiponectin levels
and epigenetic modifications on the adiponectin gene
promoter [74]. Besides, some microRNAs (miRNAs)
regulated by APN have been identified as novel targets
for controlling adipose tissue inflammation. Among
these, the expression of miR-335 increased significantly
with the increase of leptin, resistin, TNF-a, and IL-6
concentrations in human adipocytes. A fragment approx-
imately 600 bp upstream of the miR-335 coding region
has significant transcriptional activity. These findings
suggest a new role for miR-335 in adipose tissue inflam-
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Fig.2 APN contributes to different comorbidities in patients with OSA

The incidence of obesity-induced OSA or IH is associated with decreased plasma APN levels, which induces cardiomyocyte
function, T2DM, kidney function mainly by inflammation, IR, activating RAS respectively.

mation, and that miR-335 may be involved in obesity
complications through its transcriptional regulation [75,
76]; there is however no research indicating a relation-
ship with OSA. Current research on the correlation
between OSA susceptibility loci and single nucleotide
polymorphisms in the APN gene in han Chinese individ-
uals is limited, and the APN relationship with OSA thus
remains to be further examined and verified.

Omentin-1
The physiological function of omentin-1

Omentin is a newly discovered adipokine that has
three subtypes, and omentin-1 is the major subtype in
human plasma. Omentin-1 shows several important
effects related to its anti-inflammatory and vasculopro-
tective properties, to its regulation of the distribution of
human fat in visceral and subcutaneous fat warehouses,
and to its role in improving insulin sensitivity [77]; it
may also play a part in food storage and decomposition
[78], which suggests it as a biomarker for obesity-related
metabolic disorders. Some studies suggest that levels of
omentin-1 are inversely related to BMI, waist circumfer-
ence, leptin levels, and the IR index, and that they
positively correlate with adiponectin and high density
lipoprotein levels; higher omentin levels have been asso-
ciated with leanness or found to act as a positive factor
against obesity [79, 80]. In addition, omentin-1 levels are
decreased in metabolic syndrome, coronary atherosclero-

sis, and other inflammatory diseases, suggesting that
omentin-1 may be involved in the occurrence and devel-
opment of some inflammatory diseases [81, 82].
Correlation between OSA and omentin-1

With the exception of patients with OSA, those with
chronic obstructive pulmonary disease, pulmonary
hypertension, asthma, acute respiratory distress syn-
drome, or other diseases also show abnormal serum
omentin-1 levels in the respiratory system, which may be
used for the diagnosis of related diseases [83]. However,
the association between omentin-1 and OSA is contro-
versial: some small-sample studies in previous years
have suggested increased omentin-1 levels in patients
with OSA [84], potentially due to OSA stimulating com-
pensatory mechanisms and omentin-1 increasing to
counteract the acute symptoms, while recent large-
sample clinical trials have shown that serum omentin-1
levels are significantly reduced in patients with OSA and
decrease with OSA severity. A study in 65 patients with
OSA found that omentin-1 was negatively correlated
with AHI [85]. Zhang et al. also found that plasma
omentin-1 levels were significantly lower in 30 over-
weight male patients with severe OSA compared to 20
controls [86]. Besides, CPAP can restore omentin-1
levels in the serum, and effective 3-month CPAP treat-
ment can reverse low omentin-1 levels in patients with
OSA [87].
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Hypothetical association between omentin and OSA

Omentin-1 levels are positively correlated with high-
density lipoprotein levels and APN levels in patients
with OSA, which indicates that omentin-1 up-regulates
APN and then affects the lipid metabolism [81, 86].
However, whether it plays the same role as APN in OSA
remains to be tested. Lower serum omentin-1 levels may
be an early marker of endothelial dysfunction in patients
with obesity with OSA [80]. AMPK/Akt/NF-kB/(ERK,
JNK, and p38) signaling is the main pathway for
omentin-1 to exert anti-inflammatory and cardiovascular
protective effects [88]. In addition, Liu et al. found that
omentin-1 can prevent hyperglycemia-induced vascular
endothelial dysfunction through inhibiting endoplasmic
reticulum stress and oxidative stress and increasing NO
production by activating the AMPK/PPARS pathway
[89]. The Akt/eNOS pathway, which may be mediated
by AMPK, is possibly another mechanism [90]. At
present, no study has reported on the mechanism under-
lying changes in serum omentin-1 levels in patients with
OSA. Based on the existing relevant studies, we assume
that it is related to obesity, IR, and inflammation, and
that decreases in omentin will also weaken its anti-
inflammatory effect and thus add to the development of
OSA. In conclusion, we postulate that serum omentin-1
levels in patients with OSA can predict the presence and
severity of OSA and can evaluate the therapeutic effect
of noninvasive positive pressure ventilation. However,
the mechanism underlying the pathophysiological associ-
ation between omentin and OSA remains unclear, and
further research is needed in the future.

Chemerin
The physiological function of chemerin

Chemerin is a newly discovered adipokine with the
function of leukocyte chemotaxis, induced by a chemo-
tactic signal from chemokine-like receptor 1 (CMKLR1),
and can recruit inflammatory cells of chemerin receptors
and alter cell adhesion molecule expression to promote
the development of inflammation in injured tissues [91].
It is generally involved in immune responses, inflamma-
tion, glucose metabolism, and other processes in the
body and is closely related to metabolic syndrome and
OSA [92]. In obese patients, the expression of chemerin
mRNA in adipose tissue is higher, but contents will
decrease after weight loss, while inflammatory biomark-
ers like TNF, CRP, inflammation-related adipokines
FABP-4, and progranulin can also promote the growth of
chemerin in adipose cells, suggesting a close relationship
between adipose tissue inflammation and chemerin gen-
eration [93, 94]. Similarly, the same change was also
found in some studies on adolescents and children with
obesity, showing a positive correlation with BMI-

standard deviation scores and a negative correlation with
age, indicating that it is an important factor affecting
metabolic syndrome [95, 96].
The physiological/pathophysiological
between chemerin and OSA

Current clinical studies have found that increased
serum chemerin levels in patients with OSA are correlat-
ed with the severity of the disease and IR, and that the
BMI, AHI, and mean Sa02% are the main factors that
influence chemerin levels [85, 97, 98]. In recent years,
experimental evidence supports a role for chemerin in
various aspects of human physiology/pathophysiology
that result in OSA, including obesity, inflammation, IR,
and CVDs.
Pharyngeal fat deposition

It is known that factors such as abnormal accumula-
tion of pharyngeal adipose tissue in patients with obesity
with OSA tend to cause narrowness of the pharyngeal
cavity, which further promotes upper airway obstruction
and collapse during sleep and aggravates the severity of
symptoms in patients with obesity with OSA [9, 10].
A study on the correlation between chemerin and pha-
ryngeal fat deposition in patients with OSA found that
chemerin levels in pharyngeal fat were higher in patients
with OSA than in the control group [97]. Gong et al.
treated patients with obesity with OSA with uvulopalato-
pharyngoplasty, which improved the patients’ condition
to a certain extent. Importantly, serum chemerin levels
were significantly reduced, and IR was significantly
improved [99]. Chemerin has lately been shown to
induce adipogenesis and angiogenesis through Meg3/
miR-217/Dkk3 in 3 T3-L1 preadipocytes, which is due
to chemerin reducing miR-217 expression and increasing
Meg3 expression through the regulation of Dickkopf-3,
which promotes the expression of fatty acid binding pro-
tein 4 and vascular endothelial growth factor and inhibits
the expression of cyclin D1, ¢c-Myc, and B-catenin pro-
teins [100]. These results suggest that chemerin may be
involved in the pharyngeal fat deposition process and its
potential mechanism in patients with OSA. In addition,
chemerin can also cause obesity by promoting abnormal
decomposition and uneven distribution of adipose tissue
[101]. Xu et al. found that when chemerin and the
CMKLRI gene were knocked out in adipocytes, the
expression of glucose transporter 4, leptin, adiponectin,
and hormone-sensitive lipase was reduced [98], suggest-
ing that chemerin may also promote the progression of
OSA by promoting fat cell decomposition and affecting
mature adipocyte metabolic functions.
Inflammation

OSA can increase the level of serum inflammatory
cytokines like IL-6 and TNF-a, while TNF-0, adiponec-
tin, and other factors in the inflammatory process pro-

association
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mote the secretion of chemerin, thereby accelerating the
decomposition of the adipose tissue, leading to abnormal
accumulation of fat. CMKLRI1 is most highly expressed
in mature adipose tissue, and the increase of CMKLR1
in fat promotes the secretion of chemerin by autocrine
signaling. Chemerin can recruit a large number of
CMKLR 1-expressing dendritic cells and macrophages at
the site of inflammation, thus activating an inflammatory
response, which increases the oxidative stress in adipose
tissue and consequently results in IR. As mentioned
above, this may ultimately contribute to the occurrence
and development of OSA [101-103]. PPAR-y is a ligand-
activated nuclear receptor that regulates glycolipid
metabolism and inhibits inflammation. Lin et al. recently
found that exercise-induced decrements of chemerin/
CMKLRI1 in rats with obesity and diabetes were medi-
ated by PPAR-y [103], and PPAR-y has been identi-
fied as a therapeutic target for obesity, hyperlipidemia,
and diabetes [104, 105]. However, the efficacy of the
PPAR-y pathway in the treatment of OSA remains to
be tested.
IR

OSA can increase the blood glucose fluctuation range
and aggravate IR due to IH and sleep fragmentation; in
addition, IR can also cause OSA by disrupting the body’s
normal metabolism [11, 14]. El-Deeb et al. showed that
serum chemerin levels are positively correlated with
hemoglobin Alc, homeostasis model assessment-IR,
fasting blood glucose, IL6, and CRP by analyzing 71
patients with T2DM and 14 healthy controls [106].
Neves et al. found that CCX832 (CMKLRI1 antagonist)
treatment in db/db mice decreased vascular oxidative
stress, IR, and glucose levels [107]. Previous studies
have found that chemerin may induce the occurrence of
OSA-related IR, either through NF-kB-mediated inflam-
mation [108] or by activating the ERK1/2 pathway to
reduce the stimulation of insulin and thereby reduce the
uptake of glucose [109]. Therefore, chemerin may pro-
mote the production and development of OSA through
IR; these findings also provide more evidence to under-
stand the association between chemerin and OSA and
obesity as well as their complications.
CVDs

Chemerin is considered an additional risk factor for
CVDs in OSA. Elevated levels of serum chemerin in
patients with OSA can abolish the function and inhibit
the formation of the vascular endothelium, thereby pro-
moting the occurrence and development of hypertension
[110]. Further research has found that increased expres-
sion of chemerin and CMKLRI may activate the
ROCK2/P-MYPT]I pathway, which is one of the classi-
cal MLC phosphorylation-dependent pathways, thereby
inducing the contraction of vascular smooth muscle cells

(VSMC) [111] or the activation of the L-type Ca2+ chan-
nel through the Gi protein, causing calcium-dependent
calcium influx in VSMC [112]; additionally, chemerin
can stimulate aortic smooth muscle cell proliferation via
autophagy, which leads to vascular remodeling in meta-
bolic hypertension [113].

Taken together, chemerin is currently considered a
potential indicator of OSA detection, can be used to
assess disease severity, and can promote the progression
of OSA through various processes including fat metabo-
lism, inflammation, and IR. The chemerin/CMKLRI
axis may be a new target for the treatment of obesity and
related diseases, including OSA.

Resistin
The physiological function of resistin

Resistin is a cysteine-rich polypeptide encoded by the
RETN gene, which has been postulated to be a molecular
link between obesity and T2DM. It was named after its
association with IR, but their relationship in humans
remains unclear. Recently, a meta-analysis showed that
levels of resistin are positively correlated with IR in peo-
ple with hyperresistinemia (>14.8 ng/mL), but not in
those with normal circulating resistin levels [114], which
indicates that the association is related to resistin levels.
Numerous studies have shown that resistin can antago-
nize insulin to prevent cells from taking up glucose,
resulting in decreased glucose tolerance in patients with
T2DM, and that it can cause obesity by promoting blood
sugar elevation and stimulating fat cell proliferation
[115]. It is also involved in the inflammatory response,
stimulating the release of endothelin-1 and monocyte
chemotactic protein-1 by vascular endothelial cells, and
promoting atherosclerosis, thereby leading to endothelial
dysfunction [116, 117]. While reducing weight and fat
accumulation through exercise, which is an effective
treatment for obesity and its complications, also has a
positive effect on resistin concentrations, the relationship
between the two is not clear. One study suggests a rela-
tion with exercise-induced anti-inflammatory cytokine
release rather than alterations in glucose metabolism and
reductions in BMI [118].
The interaction between resistin and OSA

Some studies have found that serum resistin levels are
increased in patients with OSA, and that levels are posi-
tively correlated with the severity of the disease [119,
120]. This might be due to the fact that resistin is a pro-
inflammatory protein, which is influenced by up-
regulated inflammatory factors such as IL-6 and TNF-a,
and that it up-regulates its own mRNA expression [121].
Uchiyama et al. found that IH caused by OSA can
increase levels of resistin mRNA levels by down-
regulating miR-452 in adipocytes [122], which provides



10 Xu et al.

a new mechanism of resistin in OSA. Besides, excessive
resistin significantly increases the secretion of IL-6,
TNF-a, and CRP by stimulating peripheral blood mono-
nuclear cells and inducing IR, which then leads to
inflammatory reactions and may aggravate the narrowing
of the upper airway and the disturbance of the respiratory
muscle function of the pharynx, eventually leading to
OSA [121, 123]. In non-obese rodent models of OSA,
chronic IH leads to IR and IGT, which may be due to the
dysregulation of leptin, adiponectin, and resistin [67,
124]. Such a conclusion would suggest that the link
between OSA and the corresponding adipokines has
nothing to do with obesity; however, at present there is
no human data to refute or support this notion. Primary
snoring (PS) is also localized to the less severe side of
sleep-disordered breathing and is often underestimated,
although Zicari ef al. observed significantly higher levels
of resistin in patients with PS [125], which reminds us
that it is not enough to focus solely on obvious lesions.
Controversies

The exact association between resistin and OSA in
some specific populations remains controversial. In
patients with OSA with a BMI >40, resistin levels were
found not to differ between subgroups with IGT and
NGM and did not change significantly with the severity
of OSA. This shows that resistin alone cannot used as an
indicator of insulin resistance in patients with OSA, at
least not in extremely obese patients [126], as the
patients in this study were all severely obese and it is
therefore not clear whether severe obesity can inhibit the
secretion of resistin. In addition, Vlaeva et al. postulated
that resistin plasma levels are not associated with obe-
sity, insulin resistance, or oxidative stress markers in
non-diabetic, non-hypertensive patients with OSA [127].
Cherneva et al. found no association between resistin
and vascular injury in non-hypersomnolent patients with
OSA [128]. Moreover, one very recent review suggests
that leptin and resistin levels do not correlate with OSA,
while adiponectin is influenced by OSA alone [129].
These findings are in contrast to our previous conclu-
sions, which may be due to the lack of multi-center stud-
ies performed in a larger number of patients as well as
the specific subject population, which limits the general-
izability of findings to the general OSA population. In
short, the existing literature does not provide clear evi-
dence for the correlation between resistin and OSA, and
additional studies are needed to verify the possible mech-
anisms involved in the processes described here.

Resistin is widely present in target organs of insulin. It
may affect insulin signal transduction, the transcription
of metabolic enzymes, or the metabolism of sugars and
lipids through inflammatory reactions, thus leading to the
generation and development of OSA. With the focus of

research on resistin, researchers began to study the effect
of human resistin gene polymorphisms; the results are,
however, still controversial. Nevertheless, these studies
undoubtedly provide an important theoretical basis and
new strategies for the effective treatment of OSA, obe-
sity, and other diseases.

Other potential adipokines

Adipsine can reduce peripheral tissue sensitivity to
insulin, and visfatin is an insulin-mimicking adipokine.
REM sleep reduction affects the increased secretion of
adipsine, which may be associated with the development
of IR in patients with OSA [130]. However, the evidence
on the relationship between visfatin and OSA is still con-
flicting [86, 130], and it would be premature to conclude
that visfatin can function as a biomarker for OSA.
Orexin and ghrelin are two kinds of appetite hormones,
with effects that are opposite to those of leptin. Assadi et
al. found that upper airway obstruction and inadequate
sleep might cause a reduction in body temperature and
the persistent elevation of energy expenditure and appe-
tite hormones, with leptin dysfunction possibly one of
the reasons [131], but other studies have suggested that
ghrelin is not associated with OSA [86]. Clq/TNF-
Related Protein-3 (CTRP3) is a recently discovered pro-
tein that has a deep structural homology to APN and
can protect the organism against the effects of APN
deficiency as well as maintain energetic homeostasis
of the system [132]. Furthermore, CTRP3 has anti-
inflammatory activity, can inhibit the production of glu-
cose and fat, and decreases lipotoxicity associated with
abnormal fat deposition in peripheral tissues [133]. What
role does it play when the serum levels of leptin and adi-
ponectin change in patients with OSA? Can it replace
adiponectin in the treatment of OSA? Further research is
needed to answer these and other related questions.

Conclusion and Future Research Direction

In this review, we have discussed serum content
changes and the pathophysiologic roles of adipokines in
OSA (Fig. 3). As indicated by most studies included in
this review, OSA is associated with an increase in the
serum levels of leptin, chemerin, and resistin and a
decrease in adiponectin and omentin-1 levels. These fac-
tors are considered risk factors for IR, CVDs, and other
diseases, and can be used to monitor the development of
OSA and obesity and prevent future comorbidities. Con-
sidering that most patients with OSA participating in the
studies reviewed here are also obese, it is currently
unclear whether OSA affects the secretion of these adi-
pokines independently of obesity. Besides, we did find
evidence for some adipokines being related to the occur-
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Fig.3 The changing serum content and main pathophysiologic roles of adipokines in OSA
OSA is associated with an increase in the serum levels of leptin, chemerin, resistin and decrease of adiponectin, omentin-1, which
can cause different functional abnormalities. (D TH; oxidative stress, @ IH; IR; hypoxia-induced sympathetic activation,®

Pharyngeal fat deposition; IH; sleep fragmentation, (4) MIR-452 1; IL-6; TNF-a; Resistiny mRNA 1.

*Lack of related research about the exact roles and mechanisms of omentin-1 in OSA.

rence of OSA, but further studies are needed to confirm
these connections. Despite the high number of studies
assessing the roles of specific adipokines in OSA, the
interpretation of the results is difficult because of several
limitations. Firstly, most studies were cross-sectional by
design, which precludes any formal conclusions about
the causality of the associations between adipokines and
OSA. However, these findings provide additional evidence
to support potentially important connections between
adipokines and OSA. Secondly, experiments often over-
looked the potential impact of other diseases and differ-
ent disease stages on the study results. Third, differences
in study methodology, sample size, area, and population
may account for the diverse findings. Differences in assay
methods may be another cause of contradictory results.
Finally, although researchers have made appropriate
adjustments to independent variables to eliminate bias,
some unmeasured and residual confounding factors may
still exist.

Furthermore, however, there is still some controversy
about the role of adipokines in the occurrence and devel-
opment of OSA and other diseases. Claudia et al. sug-
gested that high serum adiponectin may be only a neutral
marker reflecting insulin sensitivity and glucose homeo-
stasis, and may increase CVD mortality (adiponectin
paradox). The authors question the anti-inflammatory,
cardioprotective effects of adiponectin and its role as a
promising therapeutic target [134]. There are also doubts
about the relationship between circulating resistin and
OSA [126-129]. As the correlations between leptin, adi-
ponectin, and OSA have been thoroughly studied, future
research should focus on the design of specific com-

pounds that target molecules such as leptin, adiponectin,
and their receptors to verify which treatment methods are
effective; we still need a large number of experiments to
untangle the intrinsic mechanisms underlying the con-
nection between omentin-1 and resistin and OSA. As for
chemerin, while some clinical trials that remain in the
stage of theoretical conjecture have found associations
with some diseases, there is a lack of convincing evi-
dence. Regarding the interactions between them, while
there is no evidence at this time that changes in some
adipokines are due to the direct effects of other specific
ones, we cannot rule out this possibility, and future stud-
ies may thus focus on how each adipokine is independ-
ently related to OSA.

Despite the limitations described above, we present
consistent evidence on the biological role of some adipo-
kines in OSA. However, extensive investigations are
required to explore more specific effects of these adipo-
kines in OSA. Whether adipokines can be used for the
diagnosis and assessment of intervention outcomes or for
the development of new therapeutic targets also requires
further investigation. Finally, we expect this review to
improve our understanding of the biological role of adi-
pokines in OSA, and hope that it can provide new ideas
for future clinical research and treatment.
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