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Abstract: Cardiovascular disease is a common cause of death worldwide, and atherosclero-
sis (AS) and obstructive sleep apnea–hypopnea syndrome (OSAHS) critically contribute to 
the initiation and progression of cardiovascular diseases. OSAHS promotes endothelial 
injury, vascular smooth muscle cell (VSMC) proliferation, abnormal lipid metabolism, and 
elevated arterial blood pressure. However, the exact OSAHS mechanism that causes AS 
remains unclear. The nervous system is widely distributed in the central and peripheral 
regions. It regulates appetite, energy metabolism, inflammation, oxidative stress, insulin 
resistance, and vasoconstriction by releasing regulatory factors and participates in the 
occurrence and development of AS. Studies showed that OSAHS can cause changes in 
neurophysiological plasticity and affect modulator release, suggesting that neuroendocrine 
dysfunction may be related to the OSAHS mechanism causing AS. In this article, we review 
the possible mechanisms of neuroendocrine disorders in the pathogenesis of OSAHS-induced 
AS and provide a new basis for further research on the development of corresponding 
effective intervention strategies. 
Keywords: obstructive sleep apnea, atherosclerosis, cardiovascular diseases, sympathetic 
nerve, neuroendocrine disorders

Introduction
Cardiovascular disease is still a major public health problem worldwide and one of 
the main causes of death, which greatly affects the quality of life and medical 
expenses of patients.1–3 Atherosclerosis (AS) is a chronic inflammatory disease and 
the main pathological basis of most cardiovascular diseases.4 Vascular endothelial 
dysfunction, vascular smooth muscle cell (VSMC) proliferation, leukocyte migra-
tion, lipid accumulation, and platelet activation are key links in the process of AS.5– 

7 Inflammation and oxidative stress are key molecular events in the pathogenesis of 
AS. The main risk factors for inducing AS include hypertension, obesity, dyslipi-
demia and diabetes mellitus.8 Previous studies have shown that modulators such as 
renin-angiotensin II (AngII), glucocorticoids, catecholamines and neuropeptide 
Y (NPY) have direct or indirect atherogenic effects.9–11 Therefore, neurohumoral 
dysregulation plays a very important role in the occurrence and development of AS.

Obstructive sleep apnea–hypopnea syndrome (OSAHS) is a highly prevalent 
disease characterized by repeated episodes of obstruction of the respiratory 

Correspondence: Huili Lin  
Department of Cardiology, The Second 
Affiliated Hospital of Fujian Medical 
University, Quanzhou, Fujian Province, 
People’s Republic of China  
Email linhuilijinan@aliyun.com   

Shu Lin,  
Centre of Neurological and Metabolic 
Research, The Second Affiliated Hospital 
of Fujian Medical University, Quanzhou, 
Fujian Province, People’s Republic of 
China  
Email shulin1956@126.com

Nature and Science of Sleep 2021:13 1331–1345                                                           1331
© 2021 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Nature and Science of Sleep                                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 12 April 2021
Accepted: 19 July 2021
Published: 27 July 2021

mailto:linhuilijinan@aliyun.com
mailto:shulin1956@126.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com


passages during sleep.12 Its prevalence is positively corre-
lated with age.13 OSAHS may cause a series of pathophy-
siological changes, such as hypoxemia and hypercapnia.14 

By means of immunohistochemistry, fMRI and microneur-
ography observations, the researchers found that under 
hypoxemia and hypercapnia, the level of discharge of 
central neurons and peripheral sympathetic neurons chan-
ged. Neuronal firing is indirectly involved in the 
proatherogenic effects, including increased discharge of 
AngII, glucocorticoids, catecholamine and NPY.

Therefore, the purpose of this review is: first, we col-
lected evidence that OSAHS causes AS from basic and 
clinical studies; secondly, we reviewed the relationship 
between OSAHS and central and peripheral neuroendo-
crine disorders; thirdly, we reviewed the pathophysiologi-
cal role of related modulators in AS. Finally, we provided 
existing evidence for the study of effective intervention 
strategies for OSAHS-related AS and complications.

OSAHS Overview
OSAHS has an increasingly high prevalence globally. An 
earlier longitudinal study of the Wisconsin Sleep Cohort 
study estimated that the prevalence of OSAHS was 2% in 
men and 4% in women aged 30–60 years in the United 
States.15 A survey conducted 20 years later also in the 
United Stated estimated that 6% of women and 13% of 
men aged 30–70 years had moderate to severe OSAHS.16 

Obesity is the main risk factor for OSAHS.17,18 The 
increasing prevalence of obesity may be the main reason 
for the increased prevalence of OSAHS.19 Moreover, some 
unalterable factors, such as age, sex, and heredity, are 
considered as risk factors for OSAHS.20 Patients with 
OSAHS have intermittent upper respiratory airway 
obstruction while sleeping, causing apnea, which is the 
complete airflow cessation, or hypopnea, which is the 
partial reduction of airflow.21 Significant or complete air-
way cessation leads to a hypoxic-hypercapnia state, result-
ing in altered intrathoracic pressure and increased 
breathing effort. However, subsequent extreme intrathor-
acic pressure triggers arousal and ends apnea.22 These 
periodic changes lead to intermittent hypoxia (IH), short 
awakenings, and sleep fragmentation throughout the 
night.23,24 Among many related factors, IH is one of the 
hallmarks of OSAHS. The carotid bodies are bodies 
located at the bifurcation of common carotid arteries that 
sense changes in arterial blood oxygen level. IH not only 
induces enhances carotid body chemosensory reactivity to 
oxygen, but also carotid baroreceptor attenuation mediated 

by reactive oxygen species.25 During exposure to IH, the 
size of the carotid body increases, and this morphological 
change matches the functional activation.26 After 21 days 
of IH exposure, the rats underwent bilateral carotid body 
ablation.27 Carotid body ablation normalizes blood pres-
sure, reduces the ventilatory response to hypoxia, and 
restores cardiac autonomy and baroreflex function. This 
indicates that both the autonomic alterations and the pro-
gression of cardiovascular pathophysiology induced by IH 
depend heavily on the heightened carotid bodies chemo-
sensory drive. IH and hypercapnia have synergistic effect 
in promoting sympathetic outflow and increasing 
hypertension.28,29 IH and hypercapnia synergistically 
increase sympathetic nerve activity, which depends not 
only on the severity of hypercapnic exposures but also 
on the severity of hypoxia.30 This synergistic effect is 
most apparent in low lung volume (expiratory) phases of 
respiration and is inhibited during lung inflation 
(inspiratory).31 About one-third of adult OSAHS patients 
had bruxism.32 Most bruxism events occurred close to 
sleep apnea/hypopnea events, and there is a positive cor-
relation between the frequency of apnea episodes and the 
frequency of bruxism events.33 The occurrence of bruxism 
may be closely related to a micro-arousal event that 
ensued from an obstructive apnea event.34 After the 
onset of bruxism, upper airway obstruction is reduced, 
parasympathetic nerve activity is increased, and heart 
rate is reduced.35 Therefore, bruxism may be a protective 
response to OSAHS.

OSAHS is conventionally diagnosed using polysomno-
graphy in a sleep center, during which sleep and respira-
tory parameters are monitored.During this examination, 
abnormal respiratory events are quantified as apneas (air-
flow absent for >10 seconds) and hypopneas (airflow 
diminution associated with a fall in arterial oxyhemoglo-
bin saturation of ≥3% or terminated by an electroencepha-
lographic arousal). The number of apnea and hypopnea 
events per hour during sleep was defined as the apnea– 
hypopnea index (AHI). OSAHS diagnosis is confirmed by 
two conditions: 1) an AHI greater than 5; and 2) daytime 
symptoms, such as daytime sleepiness. Moreover, AHI is 
used to determine the severity of OSAHS, with AHIs of 5– 
15, 15–30, and >30 indicating mild, moderate, and severe 
OSAHS, respectively.36 Daytime sleepiness is a common 
but not universal accompanying symptom. OSAHS 
patients with daytime sleepiness have an increased risk 
of metabolic diseases compared to those with no-daytime 
sleepiness.37 This may be related to the increased levels of 
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pro-inflammatory cytokines interleukin (IL)-6 and tumor 
necrosis factor (TNF)-α in patients with disorders of day-
time sleepiness.38,39 However, the underlying mechanisms 
remain unclear, and further research is needed. OSAHS is 
a chronic disease that can be treated. Continuous positive 
airway pressure (CPAP) is the main treatment for moder-
ate to severe OSAHS. Effective CPAP treatment can 
reduce AHI, improve blood pressure, and reduce the bio-
markers of metabolic diseases related to OSAHS.40–42 

A low-calorie diet combined with an active lifestyle to 
achieve significant weight loss is a feasible and effective 
treatment for mild OSAHS.43 For some patients with 
OSAHS, preventing the patient from sleeping in the supine 
position can improve daytime sleepiness and AHI.44 

Compared with CPAP treatment, this positional therapy 
may have better adherence.

Evidence on OSAHS-Induced AS
A cross-sectional study described early signs of AS in 
patients with no obvious comorbidities.45 The indepen-
dent, validated indicators of early signs of AS include 
a significant increase in pulse wave velocity, carotid dia-
meter, and intima-media thickness. Moreover, 
a randomized controlled trial observed that effective 
CPAP in patients with OSAHS without obvious comorbid-
ities can significantly decrease carotid intima-media thick-
ness and pulse-wave velocity.46 This indicates that 
OSAHS is an independent risk factor for AS. AS plays 
a significant role in the pathogenesis of coronary heart 
disease and ischemic stroke. An intravascular ultrasound 
showed that the severity of OSAHS was positively corre-
lated with the volume of coronary atherosclerotic plaque.47 

Accumulating evidence has shown that coronary heart 
disease incidence is significantly higher in individuals 
with OSAHS.48,49 There is a lot of evidence supporting 
the fact that the risk of ischemic stroke increases in 
patients with OSAHS compared with that in those who 
do not have OSAHS, but this risk is not related to con-
founding factors.50–52 Further studies have shown that 
mortality risk after an ischemic stroke in patients with 
OSAHS is significantly increased; however, this increase 
in risk is not affected by other risk factors.53

Endothelial dysfunction is a key AS mechanism. Normal 
endothelium regulates vasomotor tension, maintains inflam-
mation and oxidative homeostasis, and can regenerate and 
be repaired.54 However, in patients with OSAHS, the 
endothelial regulatory function is destroyed, and endothelial 
cell (EC) apoptosis occurs.55–57 Circulating endothelial 

progenitor cells (EPCs) represent endothelial regenerative 
and repair capacities.58 Some studies have reported that 
patients with OSAHS had elevated levels of circulating 
progenitor cells, suggesting endothelial damage.59 

However, some studies observed decreased circulating 
endothelial progenitor cell (EPC) levels in patients with 
OSAHS.56,60 This may be due to the continuous progression 
of the disease leading to decreased circulating EPC levels, 
ultimately depleting endothelial regeneration. Increased 
arterial stiffness is an early sign of AS and is related to 
OSAHS. When severe OSAHS coexists with hypertension, 
OSAHS has an additive effect on arterial stiffness.61 CPAP 
is considered to be an effective method for treating patients 
with OSAHS, but whether CPAP can improve endothelial 
function remains controversial.62–64 This may be related to 
different CPAP treatment strategies.65

Patients with OSAHS are at an increased risk of 
metabolic diseases, including hypertension, obesity, dys-
lipidemia, and diabetes. Such metabolic diseases are main 
AS risk factors.66 Cross-sectional epidemiological studies 
have shown that OSAHS is an independent hypertension 
risk factor.67 OSAHS-induced hypertension is closely 
related to hyperactivity of the sympathetic nervous sys-
tem and impairment of endothelial function.68,69 Obesity 
is a main risk factor for OSAHS, and OSAHS may further 
increase body weight. OSAHS-induced changes in the 
levels of leptin, ghrelin and glucocorticoids are related 
to energy intake and consumption.70,71 Both increase in 
plasma ghrelin and glucocorticoids stimulate food intake. 
An increase in plasma leptin suggests that excess energy 
is associated with resistance to the energy consumption 
effects of leptin.72 This inadequate balance between 
energy intake and energy consumption ultimately leads 
to weight gain. It has been reported that weight loss can 
reduce inflammation biomarkers in overweight patients 
with mild OSAHS and improve the sleep patterns of 
patients with OSAHS.73–75 Serum low-density lipopro-
tein cholesterol (LDL-C) and high-density lipoprotein 
cholesterol (HDL-C) proportions are positively correlated 
with cardiovascular events and independently correlated 
with OSAHS severity.40 This increase in LDL-C/HDL-C 
proportions may be due to the down-regulation of lipo-
protein lipase following sympathetic nerve outflow 
expression. OSAHS is a risk factor for the development 
of type 2 diabetes mellitus and is independent of obesity 
and other traditional risk factors.76,77 This may be related 
to an increase in regulators, inflammation, and oxidative 
stress, which may lead to insulin resistance, impaired 
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sensitivity, and β-cell dysfunction.78 It is worth noting 
that there may be a two-way relationship between 
OSAHS and type 2 diabetes mellitus.79 It has been 
reported that effective CPAP crucially contributes to 
decreasing the levels of metabolic disease biomarkers, 
such as leptin, LDL-C/HDL-C ratio, adiponectin, and 
blood glucose.40,41

The above evidence shows that OSAHS is an 
important AS risk factor that directly or indirectly 
promotes AS occurrence and development. OSAHS 
usually coexists and interacts with metabolic diseases, 
leading to an increased incidence of cardiovascular 
events. (Table 1).

OSAHS and Neuroendocrine 
Disorders
Sympathetic hyperactivity is an important characteristics 
of OSAHS. Central neuron groups that control sympa-
thetic outflow include the nucleus tractus solitarius 
(NTS), median preoptic nucleus (MnPO), paraventricular 
nucleus (PVN), and rostral ventrolateral medulla 
(RVLM).80,81 These central neurons regulate sympathetic 
nerve activity through mutual neural projection; however, 
they participate in a series of pathophysiological changes 
by regulating modulator release.

Nucleus Tractus Solitarius
NTS is located in the dorsomedial part of the medulla 
oblongata and is the first central nucleus that receives 
peripheral information, including chemoreceptors and bar-
oreceptors. Repeated hypoxia during sleep activates arterial 
chemoreceptors in patients with OSAHS and releases exci-
tatory amino acid neurotransmitters, that is, glutamate, 
through the afferent nerve to project information to 
NTS.27 It should be noted that hypoxia not only affects 
sympathetic nerve activity through afferent chemical recep-
tors, but also directly affects the neuronal firing of NTS.82 

NTS projects information to RVLM via glutamatergic 
neurons;83 however, NTS indirectly projects information 
to PVN via A2 noradrenergic neurons, resulting in 
increased sympathetic nerve activity.84 In addition to receiv-
ing chemical information, NTS receives pressure informa-
tion. Under physiological conditions, elevated arterial 
pressure can activate NTS and promote the inhibitory out-
put of RVLM parasympathetic neurons by activating 
GABAergic neurons of the cerebral cortex.85 Studies by 
Narkiewicz et al28 and Chan et al86 showed that the barore-
flex regulation of patients with OSAHS is impaired, conse-
quently increasing sympathetic nerve activity.

Median Preoptic Nucleus
Because of blood-brain barriers, modulators in the 
plasma are difficult to recognize by the central nervous 
system. The lamina terminalis is located in the midline 
anterior wall of the third ventricle. Its structure includes 
MnPO, subfornical organ (SFO), and organum vasculo-
sum of the lamina terminalis (OVLT). Circulating AngII 
provides an excitatory drive for MnPO neurons through 
neural sites that lack a functional blood-brain barrier, 
including the SFO/OVLT site.87 MnPO drives small 
cell neurons of PVN through a glutamatergic pathway 
and participates in the regulation of arterial blood pres-
sure and sympathetic nerve activity;88,89 however, MnPO 
transmits signals to neuroendocrine cells in PVN to 
regulate glucocorticoid release. MnPO plays an impor-
tant role in maintaining the sympathetic excitability of 
AngII. The feedback between MnPO and AngII seems to 
be a reason why patients with OSAHS still maintain 
sympathetic activation when they are awake.

Paraventricular Nucleus
PVN integrates information in an ascending order both 
from the MnPO and the NTS.90,91 Glutamatergic neurons 

Table 1 Evidence on OSAHS-Induced as

Type Conclusion (References)

Direct Patients with OSAHS have early signs of AS.45,61

OSA treatment significantly improves early signs of AS.46

There was a significant relationship between OSAHS 

severity and coronary atherosclerotic plaque volume.47

Coronary heart disease incidence is higher in patients with 

OSAHS than in non-OSAHS individuals.48,49

OSAHS contributes to ischemic stroke development.50–52

OSAHS induces endothelial diastolic dysfunction.55

OSAHS directly affects the vascular endothelium by 
promoting inflammation and oxidative stress while 

decreasing NO availability and repair capacity.56

OSAHS induces EC apoptosis.57

OSAHS changes EPC volume, suggesting EC damage.59,60

Indirect OSAHS promotes hypertension occurrence.67–69

OSAHS promotes obesity occurrence.17,70

OSAHS promotes dyslipidemia occurrence.40,145,146

OSAHS is associated with an increased risk of 
diabetes.76,77,154

Abbreviations: OSAHS, Obstructive sleep apnea–hypopnea syndrome; AS, 
Atherosclerosis; EPC, Endothelial progenitor cell; EC, Epithelial cell.
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in PVN transmit information to RVLM and regulate sym-
pathetic outflow.92 Most activated PVN neurons contain 
corticotropin-releasing hormones (CRHs).93 Previous stu-
dies have suggested that the levels of adrenocorticotropic 
hormone (ACTH) and glucocorticoids in patients with 
OSAHS increase.94 This suggests that OSAHS activates 
CRH neurons in PVN, initiates hypothalamic-pituitary 
adrenergic (HPA) axis hormonal cascades, and contributes 
to cardiovascular disease occurrence.

Rostral Ventrolateral Medulla
RVLM is an important presympathetic neuron in the cen-
tral nervous system that regulates sympathetic outflow and 
arterial blood pressure. It participates in the sympathetic 
excitatory response stimulated by baroreflex and chemor-
eceptors. OSAHS-induced hypercapnia may activate 
RVLM by changing the central acid environment. In 
human and mouse experiments, hypercapnia combined 
with hypoxemia can further increase sympathetic 
outflow.95,96 Hypoxemia may increase central 

chemoreceptor sensitivity and more frequently activate 
sympathetic nerves through hypercapnia.

Sympathetic Nerve
The increase in sympathetic nerve outflow is mainly regu-
lated by a variety of OSAHS-induced pathophysiological 
changes. Reasons behind sympathetic nerve activation may 
include (As shown in Figure 1): 1) the transmission of 
hypoxia information of the carotid body to the NTS nucleus, 
followed by RVLM, and PVN, leading to increased sympa-
thetic nerve activity; 2) increased NTS activity caused by 
impaired pressure sensitivity, eventually leading to sympa-
thetic nerve activation; 3) increased circulating AngII levels, 
MnPO activation, information projection to PVN, and 
finally sympathetic excitatory drive activation due to 
increased renal sympathetic activity; 4) changes in central 
acid levels, consequent RVLM stimulation, and subsequent 
sympathetic nerve excitement, all caused by intra-arterial 
hypercapnia; and 5) apnea termination by arousal, which is 
a central nervous event that increases sympathetic activity 
and suppresses parasympathetic tone.97 Although changes in 

Figure 1 Model of central pathways related to obstructive sleep apnea–hypopnea syndrome-induced increased sympathetic outflow.
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intrathoracic pressure during apnea increase the frequency of 
parasympathetic afferent fiber activation,98,99 they are not 
enough to inhibit the increase of sympathetic nerve outflow. 
The overall effect of apnea or hypoventilation is an increase 
in sympathetic outflow.

When awake during the day, patients with OSAHS 
breathe normally, and there are no signs of hypoxemia or 
hypercapnia. Moreover, sympathetic nerve activity is at 
a high level. The positive feedback relationship between 
AngII and MnPO may be an important reason for a high 
sympathetic nerve activity during the day. Central neuro-
plasticity may be another reason behind persistent sympa-
thetic nerve overactivation.

Neuroendocrine Disorders and AS
Patients with OSAHS experience sustained sympathetic 
nerve excitation, which consequently stimulates endocrine 
system activities, thereby causing neurohumoral disorders. 
Relevant reports mentioned that levels of modulators, such 
as AngII, glucocorticoids, catecholamine, and NPY, in 
patients with OSAHS were significantly higher than those 
in non-OSAHS patients.70,100–102 Continuous sympathetic 
nerve excitation promotes inflammatory/immune response 
and ultimately increases cardiovascular disease-related end- 
organ damage. Neuroendocrine disorders directly promote 
AS occurrence and development (Figure 2). AS mechanisms 
induced by these mediators are summarized in Table 2.

Figure 2 Neuroendocrine disorders directly and indirectly promote atherosclerosis occurrence and development.
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AngII and AS
AngII is the renin-angiotensin system (RAS) effector and 
is an important regulator of cardiovascular function. In 
patients with OSAHS, sympathetic nerve activation leads 
to excessive RAS activation, and circulating AngII levels 
are significantly increased. The atherogenic effect of AngII 
is mediated by AngII binding to the angiotensin type 1 
receptor (AT1R). AngII is an effective vasoconstrictor. It 
binds to AT1R to increase the concentration of Ca2+ in 
vascular smooth muscle and increase the activity of vaso-
constriction. AngII interacts with endothelial AT1-R and 
increases endothelial oxidative stress by generating super-
oxide anions derived from nicotinamide adenine dinucleo-
tide phosphate oxidase.103 Moreover, AngII is a powerful 
activator of oxidative stress and inflammation. EPCs can 
differentiate into vascular endothelial cells (ECs) and play 
a powerful role in EC repair. The depletion and damage of 
EPCs may cause endothelial dysfunction and cardiovascu-
lar disease progression.104 AngII induces EPC apoptosis 
through the activation of AT1-R, induction of oxidative 
stress, and activation of redox-sensitive apoptosis signal- 
regulating kinase 1-dependent proapoptotic pathways.105 

The expression of vascular cell adhesion molecule-1 
(VCAM-1) in ECs mediates monocyte aggregation. This 
regulation of VCAM-1 expression occurs at the transcrip-
tional level and is mediated by a redox-sensitive transcrip-
tion factor nuclear factor-kB (NF-kB). AngII activates 
transcription factor NF-kB and upregulates VCAM-1 in 
ECs.106 AngII mediates the leukocyte recruitment cascade 
through complex redox signaling pathways, which occur 
in ECs, monocytes, dendritic cells, neutrophils, and 
lymphocytes.107 AngII can preoxidize lipid macrophage, 
absorb and oxidize low-density lipoproteins, accelerate 
foam cell formation, and promote AS occurrence.108 

Moreover, AngII can differentiate contractile VSMC, that 
is, differentiated VSMC from synthetic VSMC, that is, 
dedifferentiated type and accelerate VSMC proliferation 
and migration.109 Moreover, AngII causes AS structural 
remodeling, reduces AS stability, and promotes thrombotic 
event occurrence.110

Glucocorticoids and AS
In patients with OSAHS, the corticotropin-releasing hor-
mone (CRH) neurons of PVN receive information 

Table 2 Mediator-Induced as Mechanisms

Modulators Pathophysiology Effect (References)

AngII Endothelial oxidative stress Endothelial dysfunction103

EPC apoptosis Abnormal EC proliferation105

VCAM-1 upregulation in ECs Leukocyte trafficking106

Macrophage lipid peroxidation Foam cell formation108

VSMC differentiation VSMC proliferation and migration108

Glucocorticoids Reduce the activity/expression of endothelial nitric oxide synthase Reduced NO bioavailability112

Inhibit the c-AMP/PKA pathway Abnormal EC proliferation113

Increase endothelin-1 sensitivity Vasoconstriction114

Hypercoagulable state Thrombosis115

Catecholamine High-response phenotype of monocytes Inflammatory response11

Induce macrophage cell activation, proliferation, and apoptosis Foam cell formation117

VSMC proliferation Vascular remodeling118

Platelet aggregation Increasing blood flow resistance120

Increased matrix metalloproteinase-9 expression Thrombosis121

Hypercoagulable state Thrombosis122

NPY Y1R on VSMCs Vasoconstriction124

Y1R on VSMCs VSMC proliferation127

Y2R on monocytes Foam cell formation129

Y1R on macrophages Thrombosis130

Y2R/Y5R on ECs Angiogenesis131,132

Y1R on ECs Thrombosis5

Abbreviations: AngII, renin-angiotensin II; EPC, Endothelial progenitor cell; EC, Epithelial cell; VCAM-1, Vascular cell adhesion molecule-1; VSMC, Vascular smooth muscle 
cell; NPY, Neuropeptide Y.
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projections from NTS and MnPO, activate the HPA axis, 
and cause increased circulating glucocorticoid levels. 
Under physiological conditions, glucocorticoids have anti- 
inflammatory, immune regulatory, and metabolic regula-
tion effects. Higher plasma glucocorticoid levels are asso-
ciated with coronary AS severity. This leads to metabolic 
and cardiovascular complications.111 Glucocorticoids 
reduce the bioavailability of NO in blood vessels by redu-
cing the activity/expression of endothelial nitric oxide 
synthase.112 Glucocorticoids inhibit the c-AMP/PKA path-
way and damage EC regeneration and anti-inflammatory 
and antioxidant functions.113 Glucocorticoids increase the 
sensitivity of blood vessels to endothelium-derived vaso-
constrictors, such as catecholamines and endothelin-1.114 

Moreover, glucocorticoids can promote AS development 
by promoting insulin resistance, dyslipidemia, and hyper-
tension. Glucocorticoids increase the levels of procoagu-
lant factors, mainly including factors VIII, IX, and von 
Willebrand factor, and impaired fibrinolysis, mainly 
including plasminogen activator inhibitor-1.115 

Glucocorticoids contribute to thrombus formation follow-
ing AS plaque rupture. Excessive glucocorticoids can pro-
mote atherosclerotic lesion calcification.116 It is worth 
noting that there is a circadian rhythm in the HPA axis, 
which helps us understand the unique role of glucocorti-
coids in promoting AS. For example, patients with meta-
static breast cancer with flat glucocorticoid circadian 
rhythms have a higher mortality. This suggests that 
changes in the circadian rhythm of the HPA axis will affect 
the progression of diseases. However, there are no reports 
on the HPA axis circadian rhythm in patients with 
OSAHS.

Catecholamine and AS
Compared with individuals who do not have OSAHS, 
circulating catecholamine, including norepinephrine (NA) 
and epinephrine, levels in patients with OSAHS were 
significantly higher, and this is due to sympathetic hyper-
activity. Physiological NA concentrations are sufficient to 
cause vasoconstriction. Monocytes bind to catecholamines 
through β-adrenergic receptors to form a continuous high- 
response phenotype, which is characterized by an 
enhanced pro-inflammatory response.11 This phenotype 
promotes plaque inflammation and accelerates AS. 
Catecholamine signal transduction in macrophages can 
induce cell activation, proliferation, and apoptosis and 
promote plaque core formation.117 It was found that NA 
stimulated VSMC cell cycle regulator expression, induced 

VSMC proliferation, and accelerated vascular 
remodeling.118 Interestingly, NA stimulates to reduce 
hydraulic conductivity,119 and this may be a reason behind 
the patchy distribution of AS in arteries. Catecholamine 
can induce platelet aggregation in a dose-dependent man-
ner, thereby increasing blood flow resistance and promot-
ing plaque formation.120 NA enhances the expression of 
matrix metalloproteinase-9 in monocytes released by lipo-
polysaccharide through the ERK/JNK-c-Fos pathway,121 

which causes plaque instability and rupture and leads to 
adverse outcomes. Catecholamines promote hypercoagul-
ability and increase thrombosis risk after plaque 
rupture.122

NPY and AS
NPY is a peptide neurotransmitter that is stored together 
with NA in presynaptic vesicles and large and dense core 
vesicles. Circulating NPY levels in patients with OSAHS 
increases when hyperactive sympathetic nerves are 
pathologic.70 Additionally, endothelial dysfunction further 
stimulates NPY secretion.123 NPY mainly participates in 
pathophysiology by binding to Y1R/Y2R/Y5R. NPY binds 
to Y1R on Vascular smooth muscle cells (VSMCs) and 
exerts a vasoconstriction effect,124 helping enhance the 
vasoconstriction of AngII and NA and promote the dis-
continuity of ECs.125,126 Animal experiments have found 
that NPY promotes the proliferation of VSMCs by binding 
to Y1R on VSMCs, leading to intimal thickening.127 Our 
study further confirmed that NPY affects the proliferation 
of VSMCs by binding to Y1R to regulate geminin.128 

NPY binding to Y2R can drive monocyte migration and 
adhesion, possibly leading to foam cell formation.129 Our 
recent study further confirmed that NPY binds to macro-
phage Y1R to regulate metalloproteinase-8 expression and 
promote macrophage migration to the vascular injury 
site.130 Combinations of Y2R/Y5R can stimulate EC pro-
liferation, adhesion, and migration and promote 
angiogenesis.131,132 Neovascularization may destroy pla-
que stability, increase bleeding risk, and lead to thrombo-
sis. NPY promotes platelet activation and aggregation by 
binding to Y1R on ECs, thus promoting thrombosis.5

OSAHS, AS, and Metabolic Diseases
AS plays an important role in the pathogenesis of arterio-
sclerotic cardiovascular diseases. This can be caused by 
multiple independent or combined risk factors, including 
hypertension, obesity, dyslipidemia, and diabetes. OSAHS 
is widely associated with these risk factors through 
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neuroendocrine mechanisms. Research on the pathogen-
esis of neuroendocrine diseases and understanding the 
relationship between these risk factors and AS is helpful 
to develop better treatment strategies.

Hypertension
OSAHS is independently associated with hypertension. 
Hypoxemia and hypercapnia also affect local 
vasodilation.133 However, due to the vasoconstrictor effect 
of sympathetic nerves on hypoxia and hypercapnia, blood 
pressure gradually rises during apnea.134 Consistent with 
sympathetic nerve activity, daytime blood pressure in 
patients with OSAHS still increases. This abnormality 
may originate from the elements of the nervous system, 
such as chemoreceptors and baroreceptors, and may be 
secondary to increased renal sympathetic activity. This 
background activity is set by the core neuron network 
located in NTS, MnPO, PVN, and RVLM. Increases in 
sympathetic activity caused by the central neuron plasti-
city may be related to increases in daytime blood pressure 
in these patients.69 The ultimate neuronal activity mani-
festation is changes in circulatory media, causing vasocon-
striction and increased circulatory resistance. The positive 
feedback between AngII and MnPO may be another 
hypertension cause. Impaired baroreflex sensitivity further 
increases blood pressure.

Hypertension can impair vasomotor activity, cause per-
manent endothelial injury, and increase cell lipid 
permeability.135 Elevated sVCAM-1 levels are considered 
a biomarker of endothelial injury induced by 
hypertension.136 Oxidative stress and inflammation are 
major factors allowing hypertension to promote endothe-
lial dysfunction, vascular aging, and AS.137 Moreover, AS 
can promote hypertension occurrence.

Obesity
Obesity is caused by an imbalance between energy intake 
and expenditure. The deterioration of sleep disordered 
breathing is believed to be mainly due to obesity.138 

Following this deterioration, the weight of patients with 
non-mild OSAHS increased by 10%, and moderate to 
severe OSAHS increased by six-fold.17 Excessive fat 
accumulation in the neck can lead to airway narrowing 
and decreased diastolic function. Adipose tissue is not 
only a place where the body stores energy, but is also an 
important endocrine organ. Adipose tissue secretes 
a variety of cytokines and inflammatory factors, such as 

leptin, adiponectin, TNF-α, and IL-6, that are involved in 
the pathogenesis of OSAHS.139

Sympathetic nerve hyperactivity is thought to be asso-
ciated with obesity.140 Glucocorticoids can trigger feeding 
behavior by activating AMP-activated protein kinase 
(AMPK) in the hypothalamus. Chronic glucocorticoid 
exposure promotes adipogenesis through the differentia-
tion of preadipocytes.141 Glucocorticoids can promote fat 
decomposition and visceral fat deposition, thus promoting 
fat redistribution, leading to centripetal obesity. NPY binds 
to Y1R on adipocytes and downregulates glucose trans-
porter 4, leading to insulin resistance and metabolic 
abnormalities in adipocytes.142 Moreover, NPY greatly 
promotes adipocyte proliferation and differentiation, and 
fat accumulation.143,144

Dyslipidemia
Previous studies have shown that OSAHS can promote 
dyslipidemia.145,146 Dyslipidemia is a recognized risk fac-
tor for AS. These abnormalities include increased plasma 
cholesterol, low-density lipoprotein (LDL), very LDL, and 
triglyceride levels, and decreased plasma high density 
lipoprotein (HDL) levels. The concentration of glucocorti-
coids is closely related to elevated blood lipid levels.147 

Glucocorticoids play a “permissive action” on lipolysis 
mediated by catecholamines and growth hormones, pro-
moting lipolysis and increasing blood lipid concentration. 
LDL-C/HDL-C is considered to be positively correlated 
with AS progression.148 HDL has anti-atherosclerotic and 
antioxidant effects. Increases in LDL-C/HDL-C levels are 
directly proportional to the severity of OSAHS. AMPK 
plays a key role in regulating lipid metabolism. Activated 
AMPK stimulates catabolic pathways and inhibits anabolic 
pathways. Glucocorticoids can promote the inflow of liver 
free fatty acids by activating liver AMPK,149 leading to 
very LDL formation and promoting AS occurrence. It has 
been observed in animal experiments that treatment with 
AngII receptor blockers can reduce the overproduction of 
triglycerides, suggesting that AngII stimulates triglyceride 
production in the liver.150 NPY increases the expression of 
cholesterol producing protein and cholesterol synthesis 
through Y1 and Y5 receptors. This effect is mediated by 
activating the ERK1/2 signaling pathway.151 Dyslipidemia 
upregulates and activates AT1R, promotes ox-LDL into 
ECs, and leads to endothelial dysfunction.152 

Hyperlipidemia produces excessive reactive oxygen spe-
cies, damages ECs, and leads to AS.153
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Diabetes
OSAHS has a causal relationship with diabetes and is 
unrelated to obesity.154 A ganglionic blockade reduces 
insulin resistance, suggesting a causal relationship 
between sympathetic nerve excitement and diabetes.155 

Insufficient insulin secretion and insulin resistance are 
key factors in diabetes development. The severity of 
OSAHS is positively correlated with insulin 
resistance.156 Glucocorticoids have an anti-insulin effect. 
Glucocorticoids inhibit AMPK activity in the periphery of 
adipose tissue, leading to lipolysis and accumulation of 
plasma free fatty acids (FFAs).157 FFAs may mediate 
insulin resistance by inhibiting insulin signal transduction 
and activating the pro-inflammatory NF-kB pathway 
through toll-like receptors, secreting many pro- 
inflammatory and pro-atherosclerotic cytokines and 
chemokines.158 Insulin resistance leads to impaired insulin 
signal transduction and reduces nitric oxide activation in 
ECs and VSMCs.159 NPY inhibits insulin secretion by 
binding to the pancreatic β-cell Y1R.160 AngII stimulation 
leads to increased oxidative stress, possibly contributing to 
insulin resistance.161 Catecholamines mediate the inhibi-
tion of insulin secretion by activating α-2 adrenoceptors in 
β-cells.162 Hyperglycemia caused by insulin resistance and 
hyposecretion is cytotoxic. Hyperglycemia promotes 
inflammatory cytokine production through a variety of 
cellular effects, such as the activation of transcription 
factor NF-kB.163 The imbalance between nitric oxide bioa-
vailability and reactive oxygen species caused by hyper-
glycemia can lead to endothelial dysfunction.164 High 
glucose levels may induce the expression of lipoxygenase 
in ECs and stimulate the adhesion of monocytes to ECs.165 

Elevated glucose levels can lead to LDL oxidation.166 

Autonomic neuropathy in diabetic patients may affect the 
innervation and collapse of the upper airway and ventila-
tion drive, contributing to the pathogenesis of OSAHS.

Briefly, neuroendocrine disorders caused by OSAHS 
directly damage endothelial function or indirectly promote 
the occurrence and development of metabolic diseases. 
Moreover, those metabolic diseases are interrelated. For 
example, there is a causal relationship between hyperten-
sion and dyslipidemia, which eventually leads to a wider 
range of cardiovascular diseases.

Conclusion and Prospect
This review highlights the widespread prevalence of 
OSAHS and its relation to AS. OSAHS is a multi-system 

disorder that plays an important role in AS development 
by causing neuroendocrine disorders. Strong evidence 
indicates that global OSAHS complications are not only 
limited to sleep disorders, but also include major extra 
respiratory complications. In the long term, OSAHS 
increases the risk of cardiovascular and cerebrovascular 
mortality. Hypertension, obesity, dyslipidemia, and dia-
betes are the strongest clinical risk factors related to the 
progression of OSHAS. The underlying mechanisms of 
OSAHS-mediated AS causing neuroendocrine disorders 
are characterized by complex correlations and interactions. 
Further studies on these potential mechanisms will help 
determine future targets for clinical intervention and treat-
ment strategies for OSAHS related to cardiovascular 
diseases.

Mice exposed to chronic IH and a high-cholesterol diet 
developed AS.167 Hypoxia or a high-fat diet alone did not 
promote AS. It is suggested that OSAHS causes AS not 
only by one single mechanism, but by hypoxia, central 
neuron activity, and sympathetic overactivity. “Syndrome 
Z” refers to a combination of metabolic syndromes (X 
syndrome) and OSAHS.168 This reflects the close relation-
ship between OSAHS and metabolic diseases and empha-
sizes that OSAHS is related to cardiovascular risk under 
the joint effect of metabolic diseases. Moreover, CPAP 
combined with weight loss has a greater impact on certain 
cardiovascular risk factors than CPAP alone.169,170 This 
further proves that OSAHS is a multi-system disorder, and 
OSAHS treatment should be comprehensive. Sympathetic 
nerve outflow is regulated by the central autonomic neural 
network. The activation of AT1R can induce an increase in 
reactive oxygen species in cells, which is an important 
mechanism of central autonomic neural network 
regulation.171 Hence, AT1R receptor blocker treatment 
may be a more effective OSAHS-related hypertension 
treatment strategy.

Most changes in central neuron activity caused by 
OSAHS are based on animal experiments, which require 
more human experiments to be confirmed. Because the 
fact that the sympathetic nervous system accelerates the 
pathological pro-inflammatory immune process has 
attracted increasing attention, how hypoxemia/hypercapnia 
sensitizes specific parts of the central nervous system is 
particularly important. Currently, there is no unified theory 
to explain the relationship between OSAHS and AS. More 
basic and clinical research is needed to describe this rela-
tionship more comprehensively.
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