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Abstract: Sleep apnea syndrome (SAS) is a common clinical disease, which is characterized by repeated episodes of apnea or hypoxia,
leading to intermittent hypoxia (IH) and sleep awakening. Many clinical studies show that diabetes is the main complication of SAS.
Previous studies have shown that nocturnal IH is the main complication of SAS. Previous studies have shown that nocturnal IH is the
main cause of hyperglycemia in SAS patients. Therefore, IH is closely related to the pathogenesis of type 2 diabetes, but the
pathophysiology and molecular structure of IH are not well understood. Therefore, IH is closely related to the pathogenesis of type 2
diabetes, but the pathophysiology and molecular mechanism of abnormal glucose metabolism induced by IH have not been fully revealed.
In healthy people, skeletal muscle accounts for 70%-80% of IH. In healthy people, skeletal muscle accounts for 70%-80% of glucose
intake stimulated by insulin, which plays a key role in regulating glucose homeostasis. IR in skeletal muscle has long been considered as a
characteristic of type 2 diabetes. IR in skeletal muscle has long been considered as a characteristic of type 2 diabetes mellitus and plays a
major role in the pathogenesis of the disease. This review provides a new idea for the role of IH in the disease. This review provides a new
idea for the role of IH in the pathological process of diabetes by expounding the regulation of IH on skeletal muscle, and brings a new
dawn for the treatment of SAS complicated with diabetes.

Keywords: Sleep apnea syndrome, Intermittent hypoxia, Insulin resistance, Type 2 diabetes, Skeletal muscle.

1. Introduction

Sleep apnea syndrome (SAS) is a sleep apnea disorder in
which recurrent partial or complete obstruction of the upper
airway occurs during sleep [1]. SAS is characterized by
recurrent nocturnal obstruction of the upper airway, which
may lead to a range of physiological effects, including
fluctuating intrathoracic pressure, decreased sleep quality,
hypercapnia, and intermittent hypoxia (IH) [2]. These
pathophysiologic changes may lead to chronic disease in
multiple organs, including cardiovascular disease,
cerebrovascular disease, decreased immune function, and
metabolic abnormalities (e.g., insulin resistance, pancreatic
β-cell dysfunction, and elevated free fatty acid levels).

Many clinical studies have shown thatdiabetes mellitus is a
major complication of SAS.SAS is more prevalent in patients
with cardiovascular risk factors, such as type 2 diabetes
mellitus (T2DM), hypertension, or other diagnosed
cardiovascular diseases, with prevalence rates ranging from
30% to 60% in these patients [3]. Some foreign studies have
shown that developed rodent cell culture models, IH patterns
mimicking the saturation profile of blood O2 during SAS
provide important insights into the molecular mechanisms of
SAS-related complications [4]. IH is the symbol of SAS,
which not only plays an important role in the pathogenesis of
SAS, but also reduces blood sugar control and insulin
resistance in patients with T2DM and diabetes-related
complications. [5]. IH is known to enhance through insulin
resistance (IR) Sympathetic tone, pro-inflammatory state and
elevated cytokine levels may also lead to a severe IR state in
SAS patients, which raises blood glucose levels [6]. However,
as of now, the pathophysiology and molecular mechanisms of
IH-induced abnormalities in glucose metabolism are not fully
understood. Therefore, clarifying the pathogenesis of IH in
patients with diabetes mellitus combined with SAS is very
important for finding new therapeutic ideas and approaches

for T2DM. In this paper, the current understanding of
pathophysiology and molecular mechanism induced by IH is
reviewed.

2. Evidence for IH-induced IR

Previous studies have shown that IH and sleep architecture
disruption are the main causes of elevated blood glucose in
patients with Obstructive Sleep Apnea-Hypopnea Syndrome
(OSAHS). Among them, IH can induce the occurrence of
hyperglycemia and IR [7]. Diabetes mellitus is a group of
metabolic disorders characterized by chronic hyperglycemia
due to multiple etiologies and caused by defects in insulin
secretion and/or utilization. Among the most prominent
pathological features of T2DM are IR and defective β-cell
function.IR refers to the reduced sensitivity to insulin action
in the target organs of insulin action (mainly liver, muscle and
adipose tissue). Skeletal muscle is one of the main target
organs of insulin action, which plays an important role in
maintaining the dynamic balance of glucose in the body, and
it is also one of the earliest and most important parts of the
body where occurs in the susceptible population of insulin [8].
Studies have shown that IH can regulate IRin skeletal muscle
[9]. Dysfunction of pancreatic islet β-cells caused by
oxidative stress and inflammatory factors is also thought to be
involved in the pathology of IH-induced glucose intolerance.
Other organs, such as the skeletal muscle, the central nervous
system, and gastrointestinal tract are also thought to be
involved in IH-induced glucose intolerance and IR [7].

3. The Way IH Induces IR in Skeletal Muscle

3.1 Abnormal Myokine Expression/Secretion

Myokines are a large group of muscle-secreted proteins,
peptides and metabolites that have been reported to have
endocrine activity, most of which are physical activity and
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secreted in response to other endocrine signals [10].
Myokines are a collective term for cytokines secreted by
skeletal muscle and released from skeletal muscle during
muscle contraction [11] IH has been shown to up-regulate a
number of myokines, such as IL-8, Osteonectin (also known
as secretory protein is acidic and rich in cysteine) and myosin
(also known as C1q/TNF-related protein 15 or erythropoietin),
which are all involved in inflammation and glucose
metabolism through transcriptional activation of the myokine
genes in both human and mouse muscle cells [12] The
up-regulation of actin induced by IH may be an important
research goal to understand the causes and ways of inducing
glucose intolerance. These myokines are autocrine/paracrine
and endocrine and may have beneficial effects on other major
organs involved in the regulation of energy homeostasis by
mediating exercise [13-14]. Adipose tissue appears to be an
important target for myokines, which play a role in regulating
energy flow and fuel supply during muscle contraction.
During muscle movement, myokines help to regulate energy
flow within muscle cells, ensuring that the muscle receives an
adequate supply of fuel to sustain the movement.IL-6 was the
first myokine to be identified, and levels of IL-6 secreted by
skeletal muscle are significantly elevated during exercise and
muscle contraction. Several clinical studies have shown that
during exercise, a substance such as IL-6 helps to reduce the
accumulation of visceral adipose tissue [15], thus potentially
improving IR. In addition, there are a variety of other
myokines that are secreted by skeletal muscle and affect the
pancreas, liver, and adipose tissue, and may affect glucose
tolerance through a variety of mechanisms. Many myokines
act not only on other organs but also on themselves
(autocrine), leading to skeletal muscle hypertrophy and
increased insulin sensitivity (increased glucose uptake). On
the other hand, myokines such as muscle growth inhibitors act
on themselves (autocrine), leading to reduced skeletal muscle
mass, decreased insulin sensitivity and promotion of hepatic
fat deposition [11]. Myokines are involved in the
anti-inflammatory effects of physical activity and counteract
the metabolic abnormalities of IR and diabetes mellitus [16-
17]. Therefore, abnormalities in myokine secretion and
function may have a direct effect on enhancing IR. However,
the mechanisms by which myokines affect IR have not been
fully elucidated [13, 16–18].

In addition, there are few studies on the direct effects of IH on
myokine secretion. Takasawa et al. [19] studied the changes
in myokine levels and their regulatory mechanisms by IH, and
the results showed thatIH elevatedthe levels of IL-8 and ON
(osteopontin) and MN (myosin) mRNA in mammalian
muscle cells, that octamer-binding transcription factor-1
(octamer transcription factor -1) was a key factor in the
IH-induced up-regulation of IL-8 and MN mRNA expression
levels, and that nuclear factor erythroid related factor-2
(nuclear factor erythroid related factor -2) was a key factor in
the IH-induced up-regulation of IL-8 and MN mRNA
expression levels. erythroid related factor -2) is a key factor in
IH-induced upregulation of ON mRNA expression. There are
no other studies about the direct relationship between
myokines and IH. Therefore, further studies are needed.

3.2 Activation of the Sympathetic Nervous System

IH activates the sympathetic nervous system, leading to

elevated serum catecholamine concentrations [2], which
accelerates lipolysis and leads to the release of more free fatty
acids (non-esterified fatty acid). Evaluation of plasma free
fatty acids may lead to lipid accumulation in skeletal muscle
and liver. Meanwhile, FFA reduces tyrosine phosphorylation
of insulin receptor substrate -1 and insulin receptor substrate
-2, which in turn reduces insulin-stimulated glucose transport
in skeletal muscle and liver, ultimately leading to IR. In
addition, excessive amounts of catecholamines may inhibit
insulin secretion, prevent muscle uptake of glucose, and
increase gluconeogenesis and hepatic glucagon secretion.
These contribute to IR.

3.3 Decreased GLUT4 Expression and Reactive Oxygen
Species Production

Studies have shown that the changes of GLUT4 mRNA
expression and GLUT4 protein expression in skeletal muscle
may be the hypothesized mechanism of the influence of IH on
glucose imbalance and insulin sensitivity [20]. The results of
the study showed that IH animals displayed lower GLUT4
expression at both mRNA and protein levels in skeletal
muscle. The reduction in GLUT4 mRNA levels, total GLUT4
expression may be an important mechanism for the inability
of animals to transport glucose into the intracellular space
under IH conditions, leading to elevated blood insulin levels
and reduced insulin sensitivity. This finding may be related to
reduced insulin effectiveness during IH. Under IH conditions,
as the oxygen supply to skeletal muscle decreases, oxidative
metabolism and glycolysis slow down, and therefore insulin's
ability to process glucose is reduced. Reduced GLUT4
expression may also be associated with reactive oxygen
species (ROS). During IH, repeated hypoxia and
reoxygenation promote ROS production [21]. ROS are not
only toxic byproducts of substance metabolism, but also
modulators of metabolites, which can activate a variety of
inflammatory factors via NF-κB, e.g., IL-6 (Interleukin-6)
and TNF-α (Tumor Necrosis Factor-α) [22-23]. IL-6 and
TNF-α decrease the expression of GLUT4 and IRS-1, and
reduce glucose transport [24].

3.4 Specific Activation of the AMPK Pathway in Skeletal
Muscle

Thomas et al. reported in 2017 that IH impairs insulin
sensitivity by promoting specific activation of the skeletal
muscle pathway. The study used 8-week-old C57BL/6J male
mice, and 8- to 10-week-old C57BL/6J AMPKα2-/- and
muscle-specific AMPKα1α2 -/-(mdKO) mice. Experiments
revealed that cIH causes systemic IRby IRindex (HOMA-IR)
and insulin sensitivity test (ITT). Mechanistically,
dysregulation of IRS-1 signaling levels is regulated through a
complex mechanism involving the phosphorylation of
multiple tyrosine and serine/threonine residues [25], which is
thought to be involved in cIH-induced IR [26-27]. It has been
found that under cIH conditions, in a tissue-specific manner,
insulin-induced phosphorylation of tyrosine and
serine/threonine residues is reduced, which leads to an
increase in AMPK activity. Liver, eWAT, and skeletal muscle
samples were collected at the peak of the glucose tolerance
test (GTT) curve (i.e., 15 min min after glucose administration)
and analyzed for insulin and AMPK pathways. The
phosphorylation status of protein kinase B, protein kinase B in
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any tissue was not affected by cIH during GTT. However, in
skeletal muscle of cIH mice, phosphorylation of AMPKα on
Thr172 in significantly increased. These results suggest that
IH may impair insulin sensitivity promoting specific
activation of the skeletal muscle AMPK pathway.

3.5 Tumor Necrosis Factor-α Production

The direct role of IH is the oxidative imbalance generated by
ROS and the activation of the inflammatory cascade by
increasing pro- and anti-inflammatory cytokines; e.g., TNF-α,
IL-1, etc. [28]. Rodriguez et al. [29] TNF-α was subsequently
identified among various biomarkers and was significantly
associated with oxygen desaturation indices in patients with
SAS. Overseas scholars have studied the effects of TNF-α on
insulin signaling and glucose uptake in healthy individuals. It
was found that TNF-α infusion resulted in skeletal muscle IR,
achieved by inhibiting the phosphorylation of Akt substrate
160, a protein containing the structural domain of Rab GAP
(GTPase-activating protein), which plays a role in insulin
signaling by facilitating the exocytosis of GLUT4 to the cell
membrane to promote glucose uptake and metabolism. We
have also mentioned previously the relationship between
changes in GLUT4 mRNA expression and protein expression
in skeletal muscle and IH and IR.

4. Therapeutic Interventions for SAS-related
T2DM

Continuous positive airway pressure ventilation (CPAP)
therapy is the mainstay of treatment for OSAS and improves
patients' quality of life. Some studies have shown that CPAP
therapy improves metabolic control and insulin sensitivity,
but there are also findings that show insignificant effects on
HbA1c levels and body mass index. The results of the studies
are controversial and may be influenced by factors such as the
method of assessment of insulin sensitivity, characteristics of
the study population and duration of treatment. Therefore, we
can consider several alternatives to CPAP therapy, including
upper airway surgery, maxillary mandibular advancement
surgery, and gastric bypass surgery. However, in general,
CPAP therapy has a significant effect on improving glucose
tolerance and control, especially in patients with SAS and
diabetes.

5. Summary

This paper reviews the regulatory effects of IH on skeletal
muscle, which include cytokines, protein expression,
sympathetic nervous system, signaling pathways, etc., to
illustrate the effects of IH on IR in skeletal muscle in many
ways. Whether IH causes IR is an extremely complex
question. At the cellular level, hypoxia increases glucose
uptake, and this goes hand in hand with inhibition of insulin
signaling. The potential mechanisms by which IH induces
glucose metabolic dysfunction are thus found to be numerous
and complex, and some of them interact with each other.

In recent years, the interaction between IH and metabolic
dysfunction is a hot research topic. Studies have shown that
SAS may lead to impaired glucose metabolism through the
combined effects of sleep fragmentation, sympathetic nerve
excitation and oxygen stress induced by IH. IH not only plays

a key role in the pathogenesis of SAS, but also plays a key role
in the pathophysiology of metabolic disorder induced by SAS.
IH plays a key role in the development of glucose metabolism
dysfunction in SAS, and leads to complications of SAS
through various channels, including cardiovascular and
cerebrovascular diseases. In order to clarify the mechanism
behind these processes, it is urgent to conduct molecular,
clinical and transformation studies in vitro and in vivo to
better understand the mechanism and causes of glucose
transport, which is very important for clinical application.
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