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Abstract

Obstructive sleep apnea (OSA), characterized by recurrent airflow cessation during sleep, affects nearly 1 billion adults worldwide and is asso-
ciated with various comorbidities, including metabolic disorders and cardiovascular diseases (CVD). Indeed, novel research findings highlight
the complex interplay between OSA, dysmetabolism, and CVD. In this work, we briefly discuss mechanistic insights into OSA-related metabolic
dysregulation, such as chronic intermittent hypoxia (CIH) and sleep fragmentation (SF). We particularly focus on pathways involving sympathe-
tic activation, neuroendocrine dysregulation, mitochondrial dysfunction, oxidative stress, inflammation, and gut microbiota alterations. Emer-
ging concepts, including epigenetic modifications and extracellular vesicle-mediated signaling, which provide novel avenues for understanding
OSA pathophysiology and for identifying therapeutic targets will also be discussed. It is pivotal to identify biomarkers and predictive parameters
that offer potential for risk stratification, early diagnosis, and treatment optimization in OSA patients. Additionally, interdisciplinary collaboration
among healthcare professionals enables the development of comprehensive intervention strategies encompassing continuous positive airway
pressure (CPAP) therapy, oral appliance optimization, cardiovascular risk assessment, lifestyle interventions, smoking cessation programs, and
pharmacotherapy optimization. These collaborative efforts aim to mitigate CVD risk and improve clinical outcomes, emphasizing personalized,
patient-centered care to address the multifaceted challenges posed by OSA and metabolic disorders.
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Resumo

A apneia obstrutiva do sono (AOS), caracterizada pela cessagao recorrente do fluxo aéreo durante o sono, afeta quase mil milhdes de adultos em
todo o mundo e esta associada a diversas comorbidades, incluindo distirbios metabdlicos e doenca cardiovascular (DCV). Na verdade, novas
descobertas destacam a complexa interacdo entre AOS, dismetabolismo e DCV. Neste trabalho discutimos brevemente os mecanismos sobre a
desregulacdo metabdlica relacionada com AOS, como a hipdxia cronica intermitente (HCl) e a fragmentagdo do sono (FS). Iremos concentrar-nos
particularmente nas vias que envolvem a ativagdo simpatica, desregulacdo neuroendécrina, disfuncdo mitocondrial, stress oxidativo, inflamagdo e
alteragdes da microbiota intestinal. Conceitos emergentes, incluindo modificages epigenéticas e sinalizagdo mediada por vesiculas extracelulares,
que fornecem novos caminhos para a compreensao da fisiopatologia da AOS e para a identificagdo de alvos terapéuticos também serdo discuti-
dos. E fundamental identificar biomarcadores e parametros preditivos que oferecam potencial para estratificacdo de risco, diagnéstico precoce e
otimizacdo do tratamento em pacientes com AOS. Além disso, a colaboragdo interdisciplinar entre profissionais de saide permite o desenvolvi-
mento de estratégias de intervencdo abrangentes que incluem terapia de Pressao Positiva Continua nas Vias Aéreas (CPAP), otimizacdo de apare-
Ihos orais, avaliacdo de risco cardiovascular, intervengdes no estilo de vida, programas de cessacdo do tabagismo e otimizacdo da farmacoterapia.
Estes esforcos colaborativos visam mitigar o risco de DCV e melhorar os resultados clinicos, enfatizando cuidados personalizados e centrados no
paciente para enfrentar os desafios multifacetados colocados pela AOS e disfun¢des cardiometabdlicas.
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> INTRODUCTION

According to the American Academy of Sleep Medicine,
sleep-related breathing disorders encompass a spec-
trum of conditions characterized by irregularities in res-
piration during sleep. ® These disorders are categorized
into four main classes: obstructive sleep apnea (OSA)
syndromes, sleep-related hypoventilation disorders,
central apnea syndromes, and sleep-related hypoxemia
disorder. @ Among these, OSA stands as the most preva-
lent, affecting nearly 1 billion adults aged 30-69, with a
higher incidence among men. OSA is typified by recur-
rent episodes of partial (hypoapnea) or complete (ap-
nea) cessation of airflow due to the collapse of the pha-
ryngeal airway during sleep. @ These occurrences lead
to diminished oxygen levels and increased carbon dioxi-
de levels, triggering chemoreceptor activation and sym-
pathetic nervous system (SNS) response to restore
oxygenation. ® The consequent chronic intermittent
hypoxia (CIH) resulting from these cyclic events, along
with associated sleep fragmentation (SF), contribute to
the pathophysiology of OSA.

Over time, extensive research has revealed a strong cor-
relation between OSA and various comorbidities, inclu-
ding cardiovascular disease, metabolic disorders, neuro-
logical conditions, and pulmonary ailments. Notably,
OSA has been linked to metabolic dysregulation, mani-
festing in obesity, metabolic syndrome (MetS), and type
2 diabetes (T2D). ¥ Indeed, MetS is highly prevalent
among OSA patients, with rates reaching up to 80%,
while at least 50% of T2D cases are associated with OSA,
irrespective of obesity status. ©® Furthermore, the seve-
rity of OSA positively correlates with insulin resistance
and glucose intolerance, marking OSA as an indepen-
dent risk factor for T2D. & Conversely, T2D also heigh-
-tens the risk of developing OSA, establishing a
bidirectional relationship between the two conditions. @
The mechanistic underpinnings linking CIH and SF in OSA
to MetS and its core components remain under investiga-
tion, although various pathophysiological mechanisms
have been proposed. These mechanisms include heigh-
-tened sympathetic activation, hypothalamus-pituitary
axis dysregulation, alterations in adipokine levels, mito-
chondrial dysfunction, oxidative stress, inflammation,
and modulation of genes involved in lipogenesis, among
others. “™9 Recent research has explored adipose tissue
dysfunction as a potential driver of metabolic dysfunc-
tion in CIH, revealing early-stage metabolic alterations
characterized by hyperinsulinemia and whole-body in-
sulin resistance, despite the absence of significant chan-
ges in adipocyte morphology, tissue oxygenation, angio-
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genesis, oxidative stress, or metabolism. ™™ |n addition
to MetS, non-alcoholic fatty liver disease (NAFLD) repre-
sents another disorder commonly associated with meta-
bolic dysfunction. NAFLD, affecting approximately 30%
of adults and exhibiting a higher prevalence in men, is
influenced by factors such as age and the presence of
comorbidities like OSA. ™ Overall, the intricate interplay
between CIH in OSA and metabolic dysregulation un-
derscores the importance of understanding the under-
lying mechanisms to develop targeted therapeutic inter-
ventions and mitigate the associated health risks.

While the main mechanisms connecting OSA, dysmeta-
bolism, and cardiovascular diseases (CVD) have been
largely established, ongoing research endeavors are
shedding light on novel insights and refining our com-
prehension of the intricate interplay among these con-
ditions. Here, we delve into potential new mechanisms
and emerging concepts that researchers may be explo-
ring (Figure 1).

> EMERGING MECHANISMS LINKING OSA, DYS-
METABOLISM AND CVD

The hypothalamus orchestrates energy balance, appetite
control, and glucose metabolism through intricate neural
circuits and neuropeptide signaling pathways. Emerging
evidence suggests that OSA-induced alterations in hypo-
thalamic function, including disruptions in orexigenic
and anorexigenic signaling pathways, may contribute to
dysregulated energy intake, impaired glucose tolerance,
and dyslipidemia. ™ Understanding the neurobiological
mechanisms linking OSA to hypothalamic dysfunction
and metabolic dysregulation offers opportunities for tar-
geted interventions aimed at restoring metabolic ho-
meostasis and preventing cardiovascular complications.
Furthermore, dysregulation of neuroendocrine axes, in-
cluding the hypothalamic-pituitary-adrenal (HPA) axis
and the SNS, contributes to the pathogenesis of meta-
bolic disorders and cardiovascular complications. )
CIH in OSA disrupts neuroendocrine balance, leading to
hyperactivation of the HPA axis, increased sympathetic
tone, and dysregulated release of catecholamines and
cortisol. ™ These hormonal alterations promote insulin
resistance, dyslipidemia, hypertension, and endothelial
dysfunction, exacerbating the risk of CVD. >

Mitochondrial dysfunction and oxidative stress also re-
present key pathophysiological mechanisms underlying
OSA-associated metabolic alterations and cardiovascu-
lar injury. ® Intermittent hypoxia-reoxygenation cycles
during apneic events disrupt mitochondrial bioenerge-
tics, impair antioxidant defenses, and promote reactive
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Figure 1 - Mechanisms and emerging concepts connecting OSA-dysmetabolism-CVD to be explored by researchers to identify new markers and

therapeutic targets to treat these pathologies.

oxygen species (ROS) generation. Excessive ROS pro-
duction triggers inflammation, endothelial dysfunction,
and oxidative damage, promote a proatherogenic envi-
ronment. ™ Novel therapeutic interventions targeting
mitochondrial protection, antioxidant supplementation,
or ROS scavenging may attenuate OSA-induced meta-
bolic disturbances and cardiovascular risk.

Notably, extracellular vesicles, such as exosomes and
microvesicles, are vital mediators of intercellular com-
munication by ferrying bioactive molecules between
cells and tissues. Studies exploring the role of extracellu-
lar vesicles derived from adipose tissue, endothelial
cells, and immune cells in OSA-associated metabolic dys-
function and vascular injury may unveil novel signaling
pathways implicated in cardiovascular pathology. 022
Additionally, investigations into the cargo of circulating
extracellular vesicles as potential biomarkers of OSA se-
verity and cardiovascular risk hold promise for non-in-
vasive risk stratification and disease monitoring. @24
Recent studies have also unveiled the pivotal role of the
gut microbiota in influencing metabolic and cardiovas-
cular health. @ Dysbiosis, characterized by imbalances
in gut bacteria composition and function, has been im-

plicated in insulin resistance, inflammation, and athe-
rosclerosis. Research into the interplay between OSA-
-induced hypoxia, gut microbiota dysregulation, and
metabolic dysfunction offers promising avenues for un-
derstanding the systemic impact of sleep-disordered
breathing on cardiovascular outcomes. 628

Finally, epigenetic mechanisms, encompassing DNA
methylation, histone modifications, and non-coding
RNA regulation, play a crucial role in gene expression
regulation and phenotypic adaptation. Emerging evi-
dence suggests that OSA-related hypoxia and oxidative
stress may induce epigenetic alterations, thereby modu-
lating the expression of genes involved in glucose meta-
bolism, lipid homeostasis, and vascular function. @930
Therefore, understanding the epigenetic signatures as-
sociated with OSA, dysmetabolism, and CVD could pro-
vide mechanistic insights and identify potential thera-
peutic targets.

These emerging concepts underscore the dynamic na-
ture of research in elucidating the mechanistic under-
pinnings of the link between OSA, dysmetabolism, and
CVD. Future research into these novel pathways and
therapeutic targets holds promise for developing inno-
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vative strategies to mitigate cardiovascular risk and im-
prove clinical outcomes in individuals with sleep-disor-
dered breathing and metabolic disorders.

> MARKERS AND PARAMETERS RELATED WITH
OSA-DYSMETABOLISM-CVD LINK

In recent years, advancements in clinical studies, bioma-
rker research, and predictive parameters have offered
new avenues for understanding the intricate connections
between OSA, dysmetabolism, and CVD. Here, we discuss
emerging markers and parameters that can define risk
assessment, early diagnosis, and treatment strategies.
Current research led to crucial advancements in the at-
tempt to identify biomarkers that can serve as indicators
of OSA severity, metabolic dysfunction, and cardiovas-
cular risk (Table 1).

Studies exploring the association between circulating
inflammatory markers, such as C-reactive protein (CRP)
and interleukin-6 (IL-6), with OSA severity and cardio-
vascular outcomes opens the path for risk stratification
and personalized treatment approaches. Systemic in-
flammation is a key player in the pathogenesis of OSA,
dysmetabolism, and CVD. 233 Thus, these biomarkers,
and soluble adhesion molecules show promise in pre-
dicting cardiovascular risk and metabolic complications
in individuals with OSA.

Endothelial dysfunction precedes the development of
CVD and may be assessed through biomarkers like en-
dothelin-1 (ET-1) and soluble vascular cell adhesion mo-
lecule-1 (sVCAM-1). These markers help identify indivi-
duals at higher risk of cardiovascular events in the context
of OSA. Furthermore, certain genetic variants predispose
individuals to OSA and cardiovascular risk. 334
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Biomarkers such as single nucleotide polymorphisms
(SNPs) in genes related to airway anatomy and vascular
function provide insights into genetic susceptibility and
personalized management strategies. Many studies ha-
ve used Mendelian randomization (MR) approach to ex-
plore the potential causal association between OSA with
CVD in the general population. ¢>39)

As OSA is associated with cardiac abnormalities, it may
be detected through biomarkers like N-terminal pro-B-
-type natriuretic peptide (NT-proBNP) and troponins.
Monitoring changes in cardiac biomarkers aids in the
early detection of subclinical cardiac dysfunction in OSA
patients. €73 |n addition, objective measurements obtai-
ned during sleep studies, such as apnea-hypopnea index
(AHI) and oxygen desaturation index (ODI), serve as im-
portant predictors of OSA severity and cardiovascular
outcomes. Integrating these parameters with biomarker
profiling enhances risk assessment in OSA patients.
Another set of possible markers associated with metabo-
lism must be highlighted. Dysregulation of glucose and
lipid metabolism is common in OSA and is associated wi-
th increased cardiovascular risk. ¢39 Thus, fasting gluco-
se, insulin, adipokines, and lipid profiles provide insights
into metabolic disturbances and cardiovascular outco-
mes in individuals with OSA thus highlighting the possi-
bility to encounter relevant markers in those pathways.
Intermittent hypoxia in OSA leads to increased ROS,
contributing to endothelial dysfunction and vascular in-
jury. Biomarkers such as malondialdehyde (MDA) and
oxidized low-density lipoprotein (LDL) reflect oxidative
damage and may serve as indicators of cardiovascular
risk in OSA patients. 442 However, some discrepancies
have been found on these associations.

Notably, omics technologies enable the discovery of no-

Table | - Emerging biomarkers that can serve as indicators of OSA severity, metabolic dysfunction and cardiovascular risk.

Emerging biomarkers indicators of OSA-dysmetabolism-CVD link

Inflamatory markers
Endothelial function markers
Genetic markers
Cardiac biomarkers
Metabolic biomarkers
Oxidative stress markers

Multi-omics derived data

Examples

C-RP IL6, TNFaq, etc.
ET-1, VWF, sVCAM-1, etc.
SNPs on genes related to airway anatomy, inflammation, etc.
NT-proBNP, troponins, BNP, etc.
Fasting glucose, HbA1c, insulin, etc.
MDA, 8-isoprostane, LDL, SOD, catalase, etc.

Data from genomics, transcriptomics, metabolomics, etc.

C-RP: C-reactive protein; IL6: interleukin-6; TNFot: tumor necrosis factor alpha; ET-1: endothelin-1; vWF: von Willebrand factor; sVCAM-T: soluble vascular cell adhesion mo-
lecule-1; SNPs: single nucleotide polymorphisms; NT-proBNP: N-terminal pro-B-type natriuretic peptide; BNP: brain natriuretic peptide; HbA'c: glycated hemoglobin; MDA:

malondialdehyde; LDL: low-density lipoprotein; SOD: superoxide dismutase.
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vel biomarkers associated with OSA pathophysiology
and cardiovascular risk. ¥ Integration of multi-omics
data, genomics, transcriptomics, proteomics, metabolo-
mics and microbiomics, may unveil new diagnostic and
therapeutic targets for personalized medicine approa-
ches in OSA patients. “¥ By exploring these biomarkers
and predictive parameters, clinicians can enhance risk
assessment, tailor treatment strategies, and improve ou-
tcomes for individuals with sleep-disordered breathing
and metabolic disorders.

> INTERVENTION STRATEGIES

Interdisciplinary collaboration among sleep medicine
specialists, endocrinologists, cardiologists, and nutritio-
nists holds promise in developing innovative interven-
tion strategies to address the complex interplay be-
tween OSA-dysmetabolism-CVD. These collaborative
efforts can lead to the design and implementation of
comprehensive, patient-centered approaches that tar-
get multiple aspects of health simultaneously. Herein,
we will discuss potential intervention strategies to battle
these intricate pathologies. It is to our knowledge that
CPAP therapy remains a cornerstone in managing mo-
derate to severe OSA, “>4% even when linked with CVD.
However, its effect on blood pressure (BP) and other car-
diovascular parameters has been challenging. “” There-
fore, collaborative efforts can focus on enhancing pa-
tient education, improving device comfort, and
addressing barriers to adherence. “® Additionally, close
monitoring of CPAP efficacy on metabolic parameters
and cardiovascular risk factors can guide treatment op-
timization. Multidisciplinary teams can also conduct
thorough cardiovascular risk assessments, integrating
traditional clinical parameters with novel biomarkers
and imaging modalities. Collaborative care plans can
then be tailored to address individual risk profiles, incor-
porating pharmacological and lifestyle interventions to
mitigate cardiovascular risk in OSA patients. In conso-
nance, psychologists, sleep specialists, and cardiologists
can collaborate to integrate stress reduction techniques
into OSA management protocols. Research initiatives
may investigate the effects of mindfulness-based inter-
ventions, relaxation therapies, and stress management
programs on sleep quality, metabolic parameters, and
cardiovascular outcomes.

Oral appliances, such as mandibular advancement devi-
ces (MADs) or tongue-retaining devices (TRDs), are al-
ternative treatment options for mild to moderate OSA
or CPAP-intolerant individuals. These devices reposition
the jaw or tongue to prevent airway collapse during

What is New on the Link Between OSA, Dysmetabolism and Cardiovascular Diseases

sleep, improving airflow and reducing snoring and sleep
apnea events. While less effective than CPAP in lowering
AHlI, oral appliance therapy may still confer benefits in
terms of daytime symptoms, quality of life, and possibly
cardiovascular risk. “?

There are also lifestyle interventions that can be
followed. Nutritionists and sleep specialists can work to-
gether to develop dietary interventions targeting OSA-
-associated metabolic dysfunction and cardiovascular
risk factors. ®® Collaboration may involve implementing
personalized nutrition plans, monitoring dietary adhe-
rence, and assessing the impact of dietary changes on
OSA severity and cardiometabolic health. Furthermore,
multidisciplinary weight management programs, inte-
grating dietary counseling, exercise prescriptions, and
behavioral therapies, can be tailored to address the uni-
que needs of OSA patients with metabolic comorbidi-
ties. Additionally, exercise specialists and sleep medicine
experts can collaborate to develop exercise interven-
tions tailored to OSA patients, considering their sleep-
-related symptoms and cardiovascular risk factors. ©V
Research endeavors may explore the effects of different
exercise modalities on sleep quality, metabolic health,
and cardiovascular outcomes in this population. In fact,
some studies have shown that exercise can be the se-
cond most effective treatment for OSA behind CPAP in
terms of reducing AHI in people with diagnosed OSA. ©2
Another relevant issue is possible joint efforts between
pulmonologists, sleep specialists, and behavioral thera-
pists that can enhance smoking cessation interventions
for OSA patients, considering their unique respiratory
challenges and cardiovascular risks. This intervention
can benefit OSA patients and CVD risk by different me-
chanism: decrease of upper airway inflammation, nor-
malization of sleep architecture, reduction of arousals
events, etc. ®¥ Finally, collaboration between endocrino-
logists, cardiologists, and sleep specialists can optimize
pharmacotherapy for OSA-associated metabolic dysre-
gulation and CVD. The main targets for the current avai-
lable pharmacotherapy are based on 1) pharyngeal mo-
tor effectors; 2) upper airway sensory afferents
mediating reflex pharyngeal dilator muscle responses to
sub-atmospheric airway collapsing pressures; 3) che-
mosensory afferents and ventilatory control system; and
4) sleep-wake mechanisms. ©¥ However, research efforts
may focus on identifying novel pharmacological targets
and assessing the efficacy of combination therapies in
improving cardiometabolic outcomes in OSA patients.
Integrated care models, involving coordinated care de-
livery among various healthcare providers, can optimize
OSA management and cardiometabolic risk reduction.
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By promoting interdisciplinary collaboration and leve-
raging the expertise of diverse healthcare professionals,
innovative intervention strategies can be developed to
address the multifaceted challenges posed by the link
between OSA-dysmetabolism-CVD. These collaborative
efforts hold the potential to improve patient outcomes,
enhance quality of life, and reduce the global burden of
cardiovascular morbidity and mortality associated with
sleep-disordered breathing and metabolic disorders.

> CONCLUSIONS

In conclusion, the intricate relationship between OSA,
dysmetabolism, and CVD underscores the multifaceted
nature of these interconnected health conditions. Exten-
sive research has elucidated the complex pathophysiolo-
gical mechanisms linking OSA to metabolic dysfunction
and cardiovascular complications, shedding light on no-
vel insights and emerging concepts. As we aim to dee-
pen our understanding of these interrelationships, it be-
comes increasingly evident that interdisciplinary
collaboration is paramount in developing innovative in-
tervention strategies to address the holistic needs of in-
dividuals affected by these conditions. The collaboration
among sleep medicine specialists, endocrinologists, car-
diologists, and nutritionists holds promise in designing
and implementing comprehensive, patient-centered ap-
proaches that target various aspects of health simulta-
neously. Through collaborative efforts, interventions su-
ch as CPAP therapy, cardiovascular risk assessments,
stress reduction techniques, dietary interventions, wei-
ght management programs, smoking cessation inter-
ventions, and pharmacotherapy optimization can be tai-
lored to meet the unique needs of OSA patients with
cardiometabolic comorbidities. Furthermore, ongoing
research endeavors exploring novel mechanisms, bio-
markers, and therapeutic targets continue to expand our
knowledge base and refine our treatment approaches.
From unraveling the neurobiological underpinnings of
hypothalamic dysfunction to investigating the role of
gut microbiota and epigenetic mechanisms, these ad-
vancements pave the way for personalized medicine ap-
proaches and targeted interventions aimed at mitigating
cardiovascular risk and improving clinical outcomes. In
essence, the journey towards improving patient outco-
mes, enhancing quality of life, and reducing the global
burden of cardiovascular morbidity and mortality asso-
ciated with sleep-disordered breathing and metabolic
disorders requires collective efforts, unwavering dedica-
tion, and a steadfast commitment to advancing know-
ledge and innovation in the field.
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