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Summary
The growing number of patients with obstructive sleep apnea is challenging healthcare 
systems	worldwide.	Obstructive	sleep	apnea	is	characterized	by	chronic	intermittent	
hypoxaemia,	episodes	of	apnea	and	hypopnea,	and	fragmented	sleep.	Cardiovascular	
and	metabolic	diseases	are	common	in	obstructive	sleep	apnea,	also	in	lean	patients.	
Further,	comorbidity	burden	is	not	unambiguously	linked	to	the	severity	of	obstructive	
sleep apnea. There is a growing body of evidence revealing diverse functions beyond 
the conventional tasks of different organs such as carotid body and gut microbiota. 
Chronic	intermittent	hypoxia	and	sleep	loss	due	to	sleep	fragmentation	are	associated	
with	 insulin	 resistance.	 Indeed,	 carotid	 body	 is	 a	multi-	sensor	 organ	 not	 sensoring	
only	hypoxia	and	hypercapnia	but	also	acting	as	a	metabolic	 sensor.	The	emerging	
evidence shows that obstructive sleep apnea and particularly chronic intermittent 
hypoxia	is	associated	with	non-	alcoholic	fatty	liver	disease.	Gut	dysbiosis	seems	to	be	
an important factor in the pathophysiology of obstructive sleep apnea and its conse-
quences.	The	impact	of	sleep	fragmentation	and	intermittent	hypoxia	on	the	develop-
ment of metabolic syndrome may be mediated via altered gut microbiota. Circadian 
misalignment seems to have an impact on the cardiometabolic risk in obstructive 
sleep	apnea.	Dysfunction	of	cerebral	metabolism	is	also	related	to	hypoxia	and	sleep	
fragmentation.	Therefore,	obstructive	sleep	apnea	may	alter	cerebral	metabolism	and	
predispose	to	neurocognitive	impairment.	Moreover,	recent	data	show	that	obstruc-
tive	 sleep	 apnea	 independently	predicts	 impaired	 lipid	 levels.	 This	mini-	review	will	
provide novel insights into the mechanisms of metabolic dysfunction in obstructive 
sleep	apnea	combining	recent	evidence	from	basic,	translational	and	clinical	research,	
and discuss the impact of positive airway pressure treatment on metabolic disorders.

K E Y W O R D S
carotid	body,	dyslipidaemia,	dysmetabolism,	gut	microbiota,	metabolic	diseases,	obstructive	
sleep	apnea,	sleep
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1  |  INTRODUC TION

Obstructive	sleep	apnea	(OSA)	is	a	highly	prevalent	sleep	disorder,	
characterized	by	partial	or	complete	upper	airway	collapses	leading	
to	apneic	events	during	sleep,	sleep	fragmentation	(SF)	and	chronic	
intermittent	hypoxia	(CIH).	A	recent	European	study	based	on	poly-
somnographic findings in the general population gave an estimated 
prevalence of 30% in men and 13% in women for moderate– severe 
OSA	(Fietze	et	al.,	2019).	Obesity	is	the	major	risk	factor	for	OSA,	and	
a	shared	risk	factor	for	its	several	comorbidities.	However,	the	co-
morbidity	burden	is	high	also	in	non-	obese	OSA	patients	(Akahoshi	
et	al.,	2010;	Gunduz	et	al.,	2018).

Chronic	 intermittent	 hypoxia	 and	 sleep	 loss	 due	 to	 SF	 are	 as-
sociated	with	 insulin	 resistance	 (Tasali	 et	 al.,	 2008)	 and	metabolic	
dysfunction	(Olea	et	al.,	2014;	Ryan	et	al.,	2019;	Sacramento	et	al.,	
2016;	 Shin	 et	 al.,	 2014).	 Recently,	 adipose	 tissue	 dysfunction	 has	
been	suggested	 to	play	a	key	 role	 in	dysmetabolism	 in	OSA	 (Ryan	
et	 al.,	 2019).	 There	 is	 a	 growing	 body	 of	 evidence	 that	 OSA	 and	
particularly	CIH	is	associated	with	non-	alcoholic	fatty	liver	disease	
(NAFLD;	Aron-	Wisnewsky	 et	 al.,	 2016;	Aron-	Wisnewsky	&	Pepin,	
2015;	Mirrakhimov	&	Polotsky,	2012).	Carotid	body	(CB)	is	a	multi-	
sensor	organ	not	sensoring	only	hypoxia	and	hypercapnia	but	also	
insulin	resistance	and	glucose	metabolism	(Conde	et	al.,	2014,	2017).	
OSA	may	alter	cerebral	metabolism	and	thereby	predispose	to	neu-
rocognitive	impairment	(Liguori	et	al.,	2021).

In	healthy	people,	the	gut	microbiota	consist	mostly	of	benefi-
cial	bacteria.	An	imbalance	in	gut	microbiota	composition	has	been	
suggested	 to	 contribute	 to	 a	 variety	 of	 disorders.	 Sleep	 loss,	 SF	
and	CIH	have	been	linked	with	gut	dysbiosis	(Benedict	et	al.,	2016;	
Lucking	et	 al.,	2018;	Poroyko	et	 al.,	2016).	Recently,	 alterations	 in	
gut	microbiota	have	been	associated	with	obesity,	diabetes,	dyslipi-
daemia,	cardiorespiratory	control,	hypertension	and	coronary	heart	
disease	–		all	of	those	common	comorbidities	of	OSA	(Liu	et	al.,	2020;	
O'Connor	et	al.,	2020).

This	mini-	review	will	provide	novel	insights	into	the	mechanisms	
of	metabolic	 dysfunction	 in	OSA	combining	 recent	 evidence	 from	
basic,	translational	and	clinical	research,	and	paving	the	way	to	new	
research	 questions,	 treatment	 options	 and	 precision	medicine	 for	
OSA.

2  |  METABOLIC COMORBIDITIES 
A SSOCIATED WITH OSA

The	 relationship	 between	 OSA	 and	 metabolic	 disease	 is	 une-
quivocal.	If	on	one	hand,	sleep	apnea	results	in	intermittent	hy-
poxia	(IH)	and	SF	leading	to	and	exacerbating	obesity,	metabolic	
syndrome	 and	 type	 2	 diabetes	 (T2D;	 Bonsignore	 et	 al.,	 2013;	
Conde	 et	 al.,	 2014)	 and	NAFLD	 (Jin	 et	 al.,2018);	 on	 the	 other	
hand,	obesity	is	considered	a	major	risk	factor	for	the	develop-
ment	 and	progression	of	OSA	 (Bonsignore	 et	 al.,	 2013;	Conde	
et	al.,	2014).

2.1  |  Metabolic syndrome and T2D

Obstructive sleep apnea is independently associated with metabolic 
syndrome	or	its	core	components	that	incorporate	visceral	obesity,	
hypertension,	 insulin	 resistance,	 glucose	 intolerance	 and	 dyslipi-
daemia	(Bonsignore	et	al.,	2013;	Conde	et	al.,	2014).	While	the	link	
between	OSA	and	some	of	 the	pathological	 features	of	metabolic	
syndrome,	 such	 as	 daytime	 hypertension,	 was	 highly	 cemented,	
the link with insulin resistance and dysmetabolism emerged more 
recently.	Several	clinical	studies	showed	that	in	patients	with	OSA,	
the	apnea–	hypopnea	 index	(AHI)	and	OSA	severity,	 independently	
of	obesity	and	fat	mass,	contributed	to	 insulin	resistance	(Ip	et	al.,	
2002;	Punjabi	&	Beamer,	2009)	and	to	pancreatic	β-	cell	dysfunction	
(Punjabi	 &	 Beamer,	 2009),	 to	 elevated	 fasting	 glucose	 and	 to	 im-
paired	oral	glucose	tolerance	(Punjabi	et	al.,	2004).	As	anticipated	by	
the	link	between	OSA	and	insulin	resistance	and	glucose	intolerance,	
OSA	is	a	risk	factor	for	the	development	of	T2D.	It	was	seen	in	sev-
eral	observational	studies	that	OSA	and	its	severity	is	positively	as-
sociated	with	the	incidence	of	T2D,	independent	of	adiposity,	body	
mass	index	(BMI)	and	age	(Muraki	et	al.,	2018;	Nagayoshi	et	al.,	2016;	
Reichmuth	et	al.,	2005).	It	was	also	corroborated	in	a	retrospective	
study	that	investigated	the	relationship	between	OSA	and	incident	
T2D	 in	1,206	Chinese	 adults	 in	Hong	Kong	 from	2006	and	2013,	
where	the	authors	found	that	OSA	severity	independently	predicted	
incident	diabetes	and	that	there	were	no	interactions	between	OSA	
and	obesity	 (Xu	et	 al.,	 2019).	Also,	 in	 a	 cross-	sectional	 analysis	 of	
5,294	 participants	 of	 the	 multi-	national	 European	 Sleep	 Apnoea	
Cohort	 (European	 Sleep	 Apnoea	Database,	 ESADA),	 it	 was	 found	
that	OSA	severity	independently	predicts	glycaemic	health	in	non-	
diabetic	 subjects	 (Kent	 et	 al.,	 2014).	 Supporting	 the	 link	 between	
OSA	and	glycaemic	dysmetabolism,	snoring,	which	 is	known	to	be	
a	surrogate	marker	of	OSA,	is	associated	with	a	higher	risk	for	T2D	
(Al-	Delaimy	et	al.,	2002;	Elmasry	et	al.,	2000).	The	link	between	OSA	
and dysmetabolism was also supported by the effect of continuous 
positive	airway	pressure	(CPAP)	on	the	pathophysiological	variables	
that	characterize	metabolic	disease.	CPAP	therapy	in	T2D	patients	
with	OSA	decreased	postprandial	glucose	levels	and	glycated	hae-
moglobin	(Babu	et	al.,	2005;	Malik	et	al.,	2017),	and	increased	insulin	
sensitivity	(Harsch	et	al.,	2004).	Also,	regular	long-	term	CPAP	use	in	
moderate-	to-	severe	OSA	was	associated	with	reduced	risk	of	 inci-
dent	T2D,	after	adjustment	for	various	baseline	metabolic	risk	fac-
tors	and	subsequent	body	weight	change	(Xu	et	al.,	2019).	However,	
these	beneficial	effects	of	CPAP	on	glucose	metabolism	and	insulin	
resistance	 in	 patients	 with	 OSA	 are	 not	 consensual.	 CPAP	 treat-
ment for 3 or 6 months did not improve fasting glucose or insulin 
plasma	levels	(Ip	et	al.,	2000).	In	agreement,	a	more	recent	study	in	a	
population	of	888	participants	from	the	Sleep	Apnea	Cardiovascular	
Endpoints	(SAVE)	trial,	with	OSA	and	stable	cardiovascular	disease,	
and	 in	where	patients	were	followed	for	HbA1c	at	baseline	and	at	
2	 and	 4	 years,	 found	 that	CPAP	 therapy	 did	 not	 affect	 glycaemic	
control in those with diabetes or prediabetes or diabetes risk over 
standard-	of-	care	 treatment	 (Loffler	 et	 al.,	 2020).	 However,	 this	
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study	was	not	primarily	dedicated	to	evaluate	the	 impact	of	CPAP	
on	 metabolic	 outcomes	 (insulin	 sensitivity	 or	 glucose	 tolerance),	
and	therefore	the	authors	cannot	infer	about	the	effect	of	CPAP	on	
these.	The	interaction	between	gender	and	CPAP	for	fasting	glycae-
mia	 in	participants	with	pre-	existing	diabetes	was	also	 interesting,	
with	women	with	OSA	and	diabetes	responding	more	favourably	to	
CPAP	in	terms	of	glycaemic	control	in	comparison	with	women	allo-
cated to usual care that showed a deterioration in glycaemic control 
during	follow-	up	(Loffler	et	al.,	2020).	This	clearly	points	towards	the	
existence	of	 sex	differences	 in	 the	 link	between	OSA	and	dysme-
tabolism that deserves further clarification.

Multiple factors may contribute to the heterogeneity of the re-
sults	on	the	effect	of	CPAP	on	metabolic	pathological	characteris-
tics	and	disease,	and	on	the	link	between	OSA	and	dysmetabolism,	
including	different	levels	of	CPAP	adherence,	background	glycaemic	
control,	the	use	of	anti-	diabetic	drugs,	disease	progression	and	the	
presence	 of	 confounding	 factors,	 such	 as	 obesity,	 among	 others.	
These discrepancies among studies clearly indicate that more re-
search	on	the	effects	of	CPAP	and	on	the	link	between	OSA	and	dys-
metabolism are needed to elucidate pathophysiological mechanisms. 
Research	in	animal	models	of	CIH,	that	mimic	OSA	-		particularly	in	
rodents,	has	allowed	the	knowledge	on	the	mechanisms	behind	the	
association	 between	OSA	 and	metabolic	 diseases	 to	 deepen.	 CIH	
and	sleep	loss	due	to	SF	are	two	pathological	characteristics	of	OSA,	
and	both	are	associated	with	 insulin	resistance	(Tasali	et	al.,	2008)	
and	 metabolic	 dysfunction	 (Olea	 et	 al.,	 2014;	 Ryan	 et	 al.,	 2019;	
Sacramento	et	al.,	2016;	Shin	et	al.,	2014).	Whereas	the	effects	of	
CIH	on	insulin	sensitivity	are	consensual	with	several	authors	show-
ing	 that	 CIH	 induces	 alterations	 in	 insulin	 secretion	 (Sacramento	
et	 al.,	 2016;	Wang	et	 al.,	 2013)	 and	 insulin	 resistance	 (Olea	et	 al.,	
2014;	Sacramento	et	al.,	2016;	Wang	et	al.,	2013)	in	mice	and	rats,	
the	effects	of	CIH	on	glucose	homeostasis	are	controversial.	Olea	
et	al.	(2014)	found	that	rats	submitted	to	15	days	of	CIH	exhibit	in-
sulin resistance without alterations in fasting glycaemia and glucose 
tolerance,	and	Shin	et	al.	 (2014)	showed	that	mice	exposed	to	CIH	
during	4/6	weeks	increased	fasting	blood	glucose,	baseline	hepatic	
glucose	output	but	not	 insulin	sensitivity	 (Shin	et	al.,	2014).	These	
differences	in	the	pathophysiological	features	that	characterize	dys-
metabolism	might	be	explained	by	the	distinct	species	studied,	and	
by	the	exposure	to	CIH	paradigms	of	different	severity	and	duration.	
Another	factor	contributing	to	and	aggravating	metabolic	dysfunc-
tion	in	patients	with	OSA	is	obesity,	where	it	is	estimated	that	40%	
of	obese	individuals	have	OSA	and	approximately	70%	of	individu-
als	with	OSA	are	obese	(Daltro	et	al.,	2007;	Vgontzas	et	al.,	2000).	
However,	 metabolic	 dysfunction	 is	 known	 to	 be	 present	 in	 lean	
OSA	subjects	(Pamidi	et	al.,	2012),	and	in	CIH	rodent	models	with-
out	the	obesity	component	(Carreras	et	al.,	2012;	Fenik	et	al.,	2012;	
Sacramento	et	 al.,	 2016;	 Shin	et	 al.,	 2014;	Wang	et	 al.,	 2013)	 and	
without	alterations	in	the	fat	depots	(Olea	et	al.,	2014;	Sacramento	
et	al.,	2016).	Therefore,	we	can	conclude	that	in	OSA,	obesity	is	not	
the	only	 factor	contributing	 to	metabolic	dysfunction	and,	 in	 fact,	
obesity has been a confounding factor in unveiling the mechanisms 
behind	the	link	between	OSA	and	dysmetabolism.

Diverse	mechanisms	have	been	proposed	to	explain	the	dys-
metabolic	phenotype	 in	OSA:	 increased	sympathetic	activation,	
deregulation	 of	 the	 hypothalamus–	pituitary	 axis,	 generation	 of	
reactive	 oxygen	 species	 (ROS;	 Tasali	 et	 al.,	 2008),	 alteration	 in	
adipokine	 levels	 (Olea	 et	 al.,	 2014;	 Reinke	 et	 al.,	 2011)	 and	 in-
flammation	of	the	adipose	tissue	(Almendros	et	al.,	2015;	Murphy	
et	al.,	2017;	Reinke	et	al.,	2011;	Thorn	et	al.,	2017).	In	fact,	more	
recently the hypothesis that adipose tissue dysfunction is a 
major	contributor	for	dysmetabolism	in	OSA	has	gained	attention	
(Ryan	 et	 al.,	 2019).	 Adipose	 tissue	 inflammation,	 characterized	
by	 infiltration	 of	 macrophages	 and	 increased	 secretion	 of	 pro-	
inflammatory	cytokines,	was	observed	in	lean	CIH	rodent	models	
(Almendros	et	al.,	2015;	Murphy	et	al.,	2017;	Reinke	et	al.,	2011)	
and	 in	 isolated	 human	 adipocytes	 (Murphy	 et	 al.,	 2017;	 Taylor	
et	 al.,	 2014).	 Apart	 from	 inflammation,	 hypoxia	 was	 also	 sug-
gested	to	be	involved	in	adipose	tissue	dysfunction;	however,	the	
data are not consensual. Whereas some authors found that lean 
mice	exposed	to	CIH	exhibit	visceral	adipose	tissue	dysfunction	
via	activation	of	hypoxia-	inducible	factor	(HIF;	Gozal	et	al.,	2017)	
and	 that	 increased	 expression	 of	 HIF-	1α in this tissue is asso-
ciated with decreased insulin signalling and sensitivity (Thomas 
et	al.,	2017),	others	found	that	CIH	 induced	whole-	body	 insulin	
resistance with a decrease in visceral adipose tissue insulin sig-
nalling	but	with	no	alterations	in	HIF-	1α and 2α	(Sacramento	et	al.,	
2016).	 These	 last	 results	were	 sustained	 by	 the	work	 of	 Thorn	
et	al.	(2017),	showing	that	although	OSA	patients	exhibit	adipose	
tissue	dysfunction,	characterized	by	a	low	degree	of	chronic	in-
flammation	and	increased	expression	of	peroxisome	proliferator-	
activated	receptor-	gamma,	this	tissue	was	not	more	hypoxic	than	
in	 BMI-	matched	 controls	 despite	 lower	 mean	 daytime	 arterial	
oxygen	 saturation.	 Another	 contributor	 within	 the	 adipose	 tis-
sue that could also be involved in dysmetabolism is the altered 
secretion	of	adipokines,	leptin	and	adiponectin	(Olea	et	al.,	2014;	
Pierard	 et	 al.,	 2019;	 Thorn	 et	 al.,	 2017).	CIH	 is	 associated	with	
increased	 leptin	 levels	 (Olea	 et	 al.,	 2014;	 Pierard	 et	 al.,	 2019).	
Knowing	 that	 leptin	 is	 a	 potent	 sympathetic	 activator	 (Gauda	
et	al.,	2020),	acting	also	at	the	CB	(Caballero-	Eraso	et	al.,	2019;	
Ribeiro	et	al.,	2018),	that	hyperleptinaemia	and	leptin	resistance	
are	associated	with	metabolic	diseases,	and	that	sympathetic	ac-
tivation	runs	with	CIH	and	OSA,	it	is	possible	to	postulate	that	the	
altered	secretion	of	leptin	contributes	to	CIH/OSA-	induced	met-
abolic	dysfunction	(Gauda	et	al.,	2020;	Figure	1).	Adiponectin,	an	
insulin-	sensitizer,	 is	also	decreased	in	patients	with	OSA	(Thorn	
et	al.,	2017),	and	recently	it	was	observed	that	CIH	in	mice	mod-
ifies	 adiponectin	 oligomerization	 as	 well	 as	 the	 expression	 of	
adiponectin	 receptors	 in	 insulin-	sensitive	 tissues,	 such	 as	 the	
skeletal	muscle	and	heart,	suggesting	that	these	alterations	might	
contribute	to	the	 link	between	CIH	and	dysmetabolism	(Pierard	
et	al.,	2019).	Finally,	 the	oxidative	status	can	also	contribute	 to	
deregulation	of	adipose	tissue	as	well	as	to	whole-	body	dysme-
tabolism	 (Berger	 &	 Polotsky,	 2018;	 Gileles-	Hillel	 et	 al.,	 2017;	
Olea	et	al.,	2014).	CIH	in	rats	induces	a	whole-	body	oxidative	sta-
tus	manifested	by	an	 increase	 in	 lipid	peroxides	and	diminished	
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activities	of	superoxide	dismutase	(Olea	et	al.,	2014)	and,	in	the	
visceral	adipose	tissue,	CIH–	metabolic	dysfunction	is	associated	
with increased ROS production and alterations in the electron 
transport	 chain	 (Gileles-	Hillel	 et	 al.,	 2017).	 Altogether,	 we	 can	
conclude that adipose tissue dysfunction plays a role in the link 
between	 CIH	 and	 dysmetabolism,	 but	 is	 probably	 not	 the	 only	
or	the	main	trigger	initiating	a	dysmetabolic	state.	For	example,	
pancreatic β-	cells	are	particularly	sensitive	to	hypoxia	(Pallayova	
et	 al.,	 2011),	 and	mice	 exposed	 to	 CIH	 exhibited	 pancreatic	 β-	
cell	dysfunction,	manifested	by	 impaired	glucose-	stimulated	 in-
sulin	secretion	and	augmented	mitochondrial	ROS	 (Wang	et	al.,	
2013).	Moreover,	the	CBs,	classically	defined	as	hypoxic	sensors,	
activity	increased	during	CIH	(Peng	et	al.,	2009;	Prabhakar	et	al.,	
2007;	Rey	et	al.,	2004),	leading	to	augmented	sympathetic	activ-
ity	 that	 can	 contribute	 to	metabolic	 dysfunction	 (Conde	 et	 al.,	
2014,	2017).	Therefore,	we	can	say	that	more	studies	in	this	field	
are needed to provide a better understanding of the mechanisms 
involved	in	the	link	between	OSA	and	metabolic	diseases.

2.2  |  Non- alcoholic fatty liver diseases

Non-	alcoholic	fatty	liver	diseases	is	now	the	most	common	liver	dis-
ease	in	the	world,	accounting	for	25%	of	the	worldwide	population.	
The prevalence of the disease parallels the epidemic of metabolic 
diseases,	namely	obesity	and	T2D,	hence	the	mechanisms	underlying	
the	dysmetabolism,	insulin	resistance	and	obesity	seem	to	be	impor-
tant	in	the	development	of	both	hepatic	steatosis	and	non-	alcoholic	
steatohepatitis,	 two	stages	of	NAFLD	progression	 (Harrison	et	al.,	
2003;	Montesi	et	al.,	2013).	OSA,	and	particularly	CIH,	as	described	
in	the	previous	section,	are	also	known	to	be	independently	associ-
ated	with	the	different	pathological	features	associated	with	NAFLD,	
such	 as	 visceral	 obesity,	 insulin	 resistance	 and	 abnormal	 lipid	me-
tabolism	(Bonsignore	et	al.,	2013;	Conde	et	al.,	2014),	and	therefore	
a	role	for	OSA	and	CIH	on	the	exacerbation	of	NAFLD	could	be	pos-
tulated.	 In	fact,	there	 is	a	growing	body	of	evidence	that	OSA	and	
particularly	CIH	is	associated	with	NAFLD	(Aron-	Wisnewsky	et	al.,	
2016;	 Aron-	Wisnewsky	 &	 Pepin,	 2015;	 Mirrakhimov	 &	 Polotsky,	

F I G U R E  1 Postulated	mechanisms	
supporting the involvement of carotid 
body	(CB)	in	the	link	between	obstructive	
sleep	apnea	(OSA)	and	chronic	
intermittent	hypoxia	(CIH)	and	metabolic	
diseases.	CIH,	one	of	the	pathological	
features	characterizing	OSA,	can	act	
directly	on	CB	to	induce	its	overactivation,	
or indirectly at the pancreas and 
in the adipose tissue to promote a 
hyperinsulinaemia and hyperleptinaemia 
and	inflammation,	respectively,	that	will	
act	on	the	CB	to	promote	its	dysfunction.	
CB	signals	to	the	sympathetic	nervous	
system	(SNS)	promoting	a	sustained	SNS	
activation that leads to and aggravates 
metabolic	dysfunction	in	insulin-	sensitive	
tissues,	such	as	the	liver,	skeletal	muscle,	
intestine,	gut,	adipose	tissue	and	the	
pancreas. This generates a vicious cycle 
CIH–	CB–	SNS–	metabolic	dysfunction	
that leads to metabolic diseases such 
as	obesity,	type	2	diabetes	(T2D)	and	
metabolic syndrome
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2012).	 Enormous	 evidences	 have	 come	 from	 studies	 in	 animals	
where	 it	 was	 shown	 that	 CIH	 causes	 triglyceride	 accumulation	 in	
the	liver	and	liver	injury	as	well	as	hepatic	inflammation	in	mice,	and	
therefore	contributes	to	the	progression	of	NAFLD	(for	review,	see	
Aron-	Wisnewsky	et	al.,	2016;	Mirrakhimov	&	Polotsky,	2012).	Also,	
several	authors	have	found	that	OSA	is	associated	with	liver	injury	
in	 obese	 (Aron-	Wisnewsky	 et	 al.,	 2012;	 Ng	 et	 al.,	 2021	 Polotsky	
et	al.,	2009)	and	non-	obese	patients	(Qi	et	al.,	2015),	and	that	CIH	is	
implicated	in	steatohepatitis,	 in	the	exacerbation	of	NAFLD	during	
obesity,	and	contributes	to	the	progression	to	non-	alcoholic	steato-
hepatitis	and	 liver	 fibrosis	 (Aron-	Wisnewsky	et	al.,	2012;	Polotsky	
et	al.,	2009;	Qi	et	al.,	2015).	The	link	between	OSA	and	NAFLD,	apart	
from	being	present	in	adults,	was	also	found	to	be	present	in	obese	
children	 (Alkhouri	 et	 al.,	 2015;	Nobili	 et	 al.,	 2015),	 and	 associated	
with	OSA	 severity	 (Nobili	 et	 al.,	 2015).	 Similar	 to	 the	 relationship	
between	CPAP	and	OSA	and	T2D,	 the	effect	of	CPAP	on	NAFLD	
is	not	consensual,	with	some	authors	showing	beneficial	effects	of	
CPAP	on	fatty	liver	(Kim	et	al.,	2018;	Toyama	et	al.,	2014)	while	oth-
ers	do	not	 (Jullian-	Desayes	et	 al.,	 2016;	Kohler	&	Stradling,	2016;	
Ng	et	al.,	2021).	 In	fact,	Toyama	et	al.	 found	 in	male	patients	with	
OSA	who	developed	fatty	liver	at	baseline,	that	liver	fat	accumula-
tion	decreased	after	CPAP	therapy	 in	spite	of	stable	BMI,	visceral	
and	subcutaneous	fat	accumulation,	and	other	metabolic	conditions	
(Toyama	et	al.,	2014).	Also,	Kim	et	al.	showed	that	OSA	treatment	
with	CPAP	was	associated	with	significant	biochemical	improvement	
and	reduction	in	NAFLD-	related	fibrosis	after	adjusting	for	obesity	
class	and	severity	of	OSA	(Kim	et	al.,	2018).	Altogether	these	results	
suggest	 that	 long-	term	CPAP	 could	 contribute	 to	 improvement	 in	
NAFLD	and	its	progression	in	OSA	patients	with	abdominal	obesity.	
However,	on	the	other	hand,	several	authors	have	found	no	effect	of	
CPAP	on	liver	injury	(Jullian-	Desayes	et	al.,	2016;	Kohler	&	Stradling,	
2016)	and,	more	recently,	a	randomized	clinical	study	showed	that	
despite significant correlations between hepatic steatosis and mark-
ers	of	severity	of	OSA,	CPAP	alone	did	not	improve	hepatic	steatosis	
and	fibrosis	(Ng	et	al.,	2021).	These	controversial	data	highlight	that	
more	 studies	are	needed	 to	 clearly	define	 the	 impact	of	CPAP	on	
NAFLD	and	its	progression	as	well	as	the	population/disease	stage	
that could benefit from therapeutic interventions.

Based	on	rodent	and	human	studies,	several	pathophysiological	
mechanisms	have	been	proposed	to	explain	the	 link	between	 liver	
injury	and	OSA/CIH,	with	some	sharing	characteristics	with	 those	
proposed	for	 the	 link	between	OSA	and	T2D.	Namely,	 it	 is	known	
that	OSA	 generates	metabolic	 dysfunction	 (see	 previous	 section),	
contributing	 to	 the	development	of	obesity	and	 insulin	 resistance,	
which	are	pathological	features	associated	with	NAFLD	(Bonsignore	
et	 al.,	 2013;	 Conde	 et	 al.,	 2014).	 Additionally,	 other	 mechanisms,	
such	 as	 the	 increased	 expression	 of	 genes	 involved	 in	 lipogenesis	
via	 the	HIF-	1α	 pathway;	 the	 increased	expression	of	 lysyl	 oxidase	
enzyme,	a	protein	involved	in	the	rigidity	of	extracellular	matrix;	an	
increased	oxidative	stress	and	lipid	peroxidation;	the	increased	mito-
chondrial dysfunction; the increased liver sympathetic nervous sys-
tem activity; and the increased intestinal permeability and disruption 
of	the	gut–	liver	axis	 (Aron-	Wisnewsky	et	al.,	2016;	Mirrakhimov	&	

Polotsky,	2012)	might	be	involved	in	liver	injury	and	progression	to	
more severe disease states.

3  |  SLEEP AND MICROBIOTA

Although	 Hippocrates	 had	 already	 suggested	 the	 association	 be-
tween	diseases	and	sleep,	the	first	systematic	studies	of	the	effects	
of a bacterial infection on sleep were not done until about 30 years 
ago	 (Toth	&	Krueger,	1988,	1989).	They	demonstrated	 that	bacte-
rial	 infection	 initially	 increases	 non-	rapid	 eye	 movement	 (NREM)	
sleep	followed	by	an	inhibition	in	NREM	sleep.	Rapid	eye	movement	
(REM)	sleep	is	inhibited	during	infections.	Further,	depletion	of	gut	
microbiota by antibiotic treatment alters sleep architecture in mice 
(Ogawa	et	al.,	2020).

In	a	randomized	within-	subject	crossover	study	utilizing	a	stan-
dardized	in-	lab	protocol	in	healthy	men,	after	2	days	of	partial	sleep	
deprivation	(PSD)	versus	after	2	days	of	normal	sleep	(NS),	individuals	
exhibited	an	increased	Firmicutes:Bacteroidetes	ratio,	higher	abun-
dances	 of	 the	 families	 Coriobacteriaceae	 and	 Erysipelotrichaceae,	
and	lower	abundance	of	Tenericutes,	previously	all	associated	with	
metabolic	perturbations	in	animal	or	human	models	(Benedict	et	al.,	
2016).	 Fasting	 and	 postprandial	 insulin	 sensitivity	 decreased	 after	
PSD	versus	NS	(Benedict	et	al.,	2016).	Chronic	SF	 in	mice	particu-
larly	promoted	the	growth	of	Lachnospiracae	and	Ruminococcacae	
families,	 with	 contrasting	 decreases	 in	 Lactobasiaceae	 and	
Bifidobacteriaceae	 families	 that	consist	of	many	beneficial	 species	
(Poroyko	et	al.,	2016).	Indeed,	the	impact	of	SF	on	the	development	
of metabolic syndrome may be mediated by altered gut microbiota 
(Poroyko	et	 al.,	 2016).	 These	 findings	 suggest	 that	metabolic	 dys-
function associated with sleep loss may in fact be mediated through 
the overgrowth of specific gut bacteria.

Recently,	 gut	microbiota	 composition	has	been	 reported	 to	be	
associated	with	sleep	disorders	such	as	narcolepsy	(Lecomte	et	al.,	
2020),	 insomnia	disorder	and	OSA.	The	gut	microbiota	of	patients	
with	 insomnia	compared	with	healthy	controls	were	characterized	
by	 lower	microbial	 richness	 and	diversity,	 depletion	of	 anaerobes,	
and	 short-	chain	 fatty	 acid-	producing	 bacteria	 (Li	 et	 al.,	 2020).	
Lachnospira	 and	 Bacteroides	 were	 signature	 bacteria	 in	 patients	
with	acute	 insomnia,	while	Faecalibacterium	and	Blautia	were	sig-
nature bacteria for distinguishing chronic insomnia patients from 
healthy controls. These signature bacteria were also associated with 
patients'	self-	reported	sleep	quality	and	plasma	IL-	1β	(Li	et	al.,	2020).	
CIH,	 a	 characteristic	 of	OSA,	 leads	 to	 disrupted	 gut	microbiota	 in	
mice	 (Moreno-	Indias	et	al.,	2015).	 In	guinea	pigs,	exposure	 to	CIH	
alters	 gut	microbiota	 richness	 and	 composition,	 brainstem	 neuro-
chemistry,	and	autonomic	control	of	heart	rate,	independent	of	CB	
sensitization,	 suggesting	 modulation	 of	 breathing	 and	 autonomic	
homeostasis	via	 the	microbiota–	gut–	brainstem	axis	 (Lucking	et	al.,	
2018).

It would be appealing to improve sleep quality by modifying gut 
microbiota with probiotics. The data addressing this issue are still 
scarce.	In	a	study	of	32	students,	the	administration	of	the	probiotic	
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Lactobacillus	gasseri	CP2305	markedly	improved	sleep	quality	mea-
sured	 by	 the	Pittsburgh	 Sleep	Quality	 Index	 (PSQI;	Nishida	 et	 al.,	
2017).	 Concomitantly,	 the	 relative	 abundance	 of	 15	 gut	microbial	
species	differed	between	the	control	and	probiotic	groups,	 includ-
ing	decreases	in	Bact.	Vulgatus	and	increases	in	Dorea	Longicatena	
following	 probiotic	 use.	 Another	 double-	blind	 randomized	 con-
trolled	 trial	 found	that	daily	use	of	a	probiotic	mixture	 (containing	
Lactobacillus	 fermentum	 LF16,	 Lactobacillus	 rhamnosus	 LR06,	
Lactobacillus	plantarum	LP01	and	Bifidobacterium	longum	BL04)	in	
young	healthy	participants	 led	to	 improvement	 in	PSQI	score	over	
time,	 although	 PSQI	 scores	 did	 not	 differ	 from	 those	 of	 controls	
(Marotta	et	al.,	2019).

4  |  CIRC ADIAN MISALIGNMENT, OBESIT Y 
AND MICROBIOTA

Circadian rhythm is the rhythm that is driven internally (i.e. by the 
endocrine	system)	and	controlled	by	the	central	clock	located	in	the	
suprachiasmatic nucleus. When this rhythm is entrained by environ-
mental	factors	(e.g.	time	zeitgebers),	it	is	called	the	diurnal	rhythm.	
The	two	rhythms	are	interrelated,	and	circadian	rhythms	are	usually	
synchronized	 to	 environmental	 cues.	There	 is	 some	evidence	 that	
bacterial cells have their clocks that oscillate in a determined rhythm 
based	on	 specific	 factors,	whether	 related	 to	 the	host	 or	 the	 sur-
rounding	environmental	factors	(Mashaqi	&	Gozal,	2020).

The	role	of	circadian	misalignment	in	OSA	is	unclear.	However,	
both	 SF	 (Poroyko	 et	 al.,	 2016)	 and	 short	 sleep	duration	 (Benedict	
et	 al.,	 2016)	 are	 associated	with	 gut	 dysbiosis,	which	may	 be	 due	
to	 activation	 of	 the	 hypothalamic–	pituitary–	adrenal	 (HPA)-	axis.	
Metabolic disturbances associated with sleep loss may in fact be 
mediated	through	the	overgrowth	of	specific	gut	bacteria	(Benedict	
et	al.,	2016).	Reciprocally,	the	end-	products	of	bacterial	species	that	
grow in response to sleep loss are able to induce fatigue (Zielinski 
et	al.,	2013).	Inter-	tissue	circadian	misalignment	occurs	also	with	IH	
(Manella	et	al.,	2020),	a	typical	feature	of	OSA.	This	means	that	there	
is a bidirectional relationship between the gut microbiota and the 
host	clock.	Circadian	misalignment,	for	example	due	to	shift	work,	
may	therefore	impact	this	bidirectional	relationship.	Recently,	it	has	
been	suggested	that	shift-	work-	induced	circadian	misalignment	may	
potentiate	 the	 cardiometabolic	 risk	 of	 patients	 with	 OSA	 (Santos	
et	al.,	2020).

A	meta-	analysis	of	shift	work	showed	an	increased	risk	of	obe-
sity	 both	 in	 cross-	sectional	 and	 follow-	up	 cohort	 studies,	 espe-
cially	in	developing	abdominal	obesity	(Sun	et	al.,	2018).	Not	only	
the food content but also the timing of food intake is crucial for 
gut microbiota and host metabolism. When the feeding of mice 
was	restricted	either	to	dark-	cycle	or	light-	cycle	(both	12	hr),	the	
dark-	fed	group	(i.e.	fed	during	their	normal	activity	phase)	gained	
less	weight	than	the	light-	fed	group	(Arble	et	al.,	2009).	Further,	
time-	restricted	feeding	without	reducing	caloric	intake	prevented	
metabolic	diseases	 in	mice	fed	with	a	high-	fat	diet	 (Hatori	et	al.,	
2012).	Every-	other-	day	fasting	reduced	weight	gain	and	increased	

energy	 expenditure	 through	 non-	shivering	 thermogenesis	 (Li	
et	al.,	2017).

5  |  OSA AND MICROBIOTA

Research in both animal models and humans has provided solid evi-
dence	that	the	microbiota	is	involved	in	OSA	development	and	in	its	
consequences.	In	fact,	there	are	two	main	challenges	that	potentially	
affect	the	gut	microbiota,	and	result	in	dysbiosis	and	health	conse-
quences	in	the	host	caused	by	OSA,	IH	and	SF.	Recent	studies	have	
shown	that	IH	and	SF	could	promote	alterations	in	intestinal	lumen,	
inducing	variations	 in	microbial	diversity,	pro-	inflammatory	media-
tors	and	bacterial	translocation.	At	mid-	term,	these	alterations	could	
result in gut epithelial barrier dysfunction triggering both local and 
systemic	inflammatory	responses.	Thus,	all	tissues	and	organs	of	the	
host	could	be	affected,	promoting	cognitive/mood	alterations	and	
cardiovascular or metabolic diseases.

Regarding	 IH,	 a	 recent	work	 carried	 out	 in	 rats	 has	 described	
that	 application	 of	 IH	 similar	 to	 that	 experienced	 in	 patients	with	
OSA	 is	 translated	 into	 the	gut	 lumen	 (Moreno-	Indias	et	 al.,	2015).	
Specifically,	the	oxygenation	was	locally	measured	using	an	oxygen	
microelectrode.	 These	 measurements	 revealed	 that	 IH,	 although	
progressively	attenuated	in	amplitude,	is	translated	further	into	the	
lumen,	at	 least	until	200	µm.	Furthermore,	animals	exposed	 to	 IH	
showed a different gut microbiota composition in comparison to 
controls	 (Moreno-	Indias	et	al.,	2015).	 Interestingly,	 the	 IH-	induced	
alterations	are	quite	persistent:	after	a	6-	week	period	of	 recovery	
by	 normal	 breathing,	 the	 differences	 in	 microbiota	 composition	
remained	 in	 a	 principal	 component	 analysis	 (Moreno-	Indias	 et	 al.,	
2016).	More	recent	data	also	show	that	IH-	induced	changes	in	gut	
microbiota	are	able	to	elicit	sleep	alterations	 (Badran	et	al.,	2020).	
This finding was revealed by measuring sleep recording in the fae-
cally transplanted mice. The animals receiving faecal samples from 
IH-	exposed	mice	experienced	a	reduction	in	total	wake	time,	mainly	
caused	by	reductions	in	the	dark	phase,	indicating	increased	abnor-
mal somnolence.

In	terms	of	SF,	the	information	is	still	scarce.	In	a	recent	exper-
imental	 study,	 mice	 were	 subjected	 to	 a	 realistic	 paradigm	 of	 SF	
mimicking	OSA	(Poroyko	et	al.,	2016).	The	authors	found	that	this	
challenge can modify the gut microbiota resulting in adipose tissue 
inflammation	and	metabolic	alterations.	Animals	subjected	to	SF	ex-
hibited	an	increased	visceral	fat	mass	after	4	weeks	of	exposure,	and	
returned to normal levels after 2 weeks of recovery. The insulin sen-
sitivity	assessed	ex	vivo	in	visceral	white	adipose	tissue	adipocytes	
revealed	a	reduction	of	phospho-	AKT/AKT	ratio	in	mice	exposed	to	
SF	when	compared	with	control	sleep	mice.	As	in	visceral	fat	mass,	
insulin sensitivity was recovered after 2 weeks of SF cessation. More 
interestingly,	the	insulin	response	in	control	sleep	mice	was	similar	
to	SF-	exposed	mice	when	the	animals	were	transplanted	with	fae-
cal	samples	from	SF-	exposed	mice.	These	findings	indicate	that	the	
changes that SF induce in the microbiota can be translated to im-
portant metabolic features.
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Very	 limited	 information	 is	 available	 from	 clinical	 studies	 to	
date.	In	a	recent	work,	the	authors	found	significant	differences	at	
the	general	 level	microbiota,	particularly	when	comparing	controls	
and	 severe	OSA	 (Ko	et	 al.,	 2019).	 The	differences	were	more	evi-
dent	when	looking	at	specific	microbe	type,	for	instance	Prevotella.	
In	 another	 study,	 carried	out	on	 an	 animal	model	 based	on	upper	
airway	obstructions,	application	of	OSA	significantly	increased	sys-
tolic	blood	pressure	at	7	and	14	days	(Ganesh	et	al.,	2018).	The	main	
novelty of this study was that such hypertensive alteration can be 
abolished by the probiotic Clostridium butyricum or the prebiotic 
Hylon	VII.	Therefore,	solid	experimental	data	and	preliminary	clin-
ical results are available on the role that the gut microbiota plays 
in	OSA.	Figure	2	depicts	how	gut	microbiota	alterations	induced	by	
OSA	components	could	mediate	cardiovascular	and	metabolic	con-
sequences. Our current knowledge on the topic clearly deserves fur-
ther basic and clinical research.

6  |  CEREBR AL METABOLISM AND OSA

The harmful effect of disturbed sleep on brain health is particularly 
evident	 in	 patients	with	OSA.	Both	 IH	 and	SF	due	 to	OSA	 condi-
tions may concur altering brain homeostasis and producing cerebral 
inflammation,	 cognitive	 deterioration,	 neuropsychological	 distur-
bances and cerebrovascular dysfunction. There is growing evidence 
that brain functional state and energetics are mutually related 
(Shulman,	 2011);	 it	 is	 remarkable	 that	 glutamate	 and	ATP,	 as	well	
as	 glucose,	 lactate	 and	 other	metabolites,	 are	molecules	 involved	
in	cerebral	cellular	metabolism,	but	also	have	signalling	functions	in	
the	 brain	 (DiNuzzo,	 2016).	 In	 particular,	 glucose	 and	 glycogen	 ca-
tabolism,	though	aerobic	glycolysis,	features	wakefulness;	whereas	
lactate	brain	levels	decrease,	characterizing	the	transition	to	sleep;	
moreover,	 lower	 lactate	 levels	 during	 sleep	 represent	 the	 effect	
of decreased glucose production and increased glymphatic clear-
ance	 (Aalling	 et	 al.,	 2018).	Accordingly,	mouse	model	 studies	 sug-
gested	 that	 extracellular	 lactate	 concentrations	 may	 be	 a	 reliable	

sleep– wake biomarker. This evidence was reached by observing 
that persistent and sustained decreases in brain lactate levels were 
documented	 in	mice	 during	 sleep,	whereas	 elevated	 lactate	 levels	
were present from awakening and maintained throughout prolonged 
wake	(Naylor	et	al.,	2012).

The	measurement	of	cerebrospinal	fluid	(CSF)	lactate	levels	can	
reflect the brain glucose metabolism (in combination with pyruvate 
levels),	which	can	also	be	measured	by	 the	2-	deoxy-	2-	(18F)-	fluoro
-	d-	glucose	 positron	 emission	 tomography	 ([18F]FDG	 PET;	 Liguori	
et	al.,	2016).	Patients	with	OSA	present	with	high	CSF	lactate	 lev-
els,	possibly	owing	to	two	different	and	concomitant	mechanisms:	
(i)	brain	energetic	metabolism	damage;	 (ii)	neurodegenerative	pro-
cesses	(Liguori	et	al.,	2015,	2017).	This	cerebral	glucose	metabolism	
malfunction	in	patients	with	OSA	can	be	related	to	both	hypoxia	and	
SF,	as	high	neuronal	activity	due	to	increased	night-	time	wakefulness	
and	hypoxic	conditions	promotes	mitochondrial	dysfunction	and	ox-
idative	stress.	On	the	other	hand,	OSA	can	promote	neurodegener-
ative processes due to the privation of the positive effects of sleep 
quality	and	continuity	on	brain	health.	 In	particular,	 the	beneficial	
effect of sleep related to glymphatic system activity can be sup-
pressed	by	OSA	with	the	accumulation	of	brain	catabolic	products	
interfering	with	neuronal	functioning	(Figure	3).	Moreover,	hypoxia	
can trigger neurodegenerative processes by inducing β-	amyloid	
plaque	formation	and	neuronal	damage	(Shiota	et	al.,	2013).

Cortical	 brain	 glucose	 consumption	 can	 be	measured	 by	 [18F]
FDG	PET	(Liguori	et	al.,	2016),	a	widely	diffuse	tool	to	evaluate	and	
monitor cerebral metabolism in both a clinical setting and research 
(Attwell	&	Laughlin,	2001;	Liguori,	Ruffini,	et	al.,	2019).	Consistently,	
the	use	of	PET	tracers	became	a	valuable	instrument	to	investigate	
brain	function	and	activity	(Liguori	et	al.,	2021).	Few	[18F]FDG	PET	
studies	have	been	performed	in	patients	with	OSA	and	documented	
that this clinical condition may alter cerebral metabolism in eloquent 
brain	areas	for	neurodegeneration,	first	of	all	the	precuneus	(Yaouhi	
et	al.,	2009).	Brain	metabolism	dysfunction	has	been	confirmed	 in	
further	studies	including	asymptomatic	patients	with	OSA	recruited	
from	the	community;	moreover,	this	brain	glucose	metabolism	mal-
function corresponded to β-	amyloid	plaque	deposition	(André	et	al.,	
2020).	These	findings	reinforce	the	evidence	that	OSA	can	promote	
and accelerate neurodegenerative processes in adults and the el-
derly	(Liguori,	Mercuri,	et	al.,	2019;	Liguori	&	Placidi,	2018).	Notably,	
OSA	can	be	 treated	with	complete	 resolution	of	 clinical	 signs	and	
symptoms	thanks	to	CPAP	treatment.	One	of	the	main	hypotheses	
in	the	literature	is	that	CPAP	can	restore	brain	metabolism	dysfunc-
tion,	thus	possibly	reverting	or	slowing	neurodegenerative	processes	
(Bubu	et	al.,	2020;	Lajoie	et	al.,	2020;	Liguori,	Mercuri,	et	al.,	2019;	
Liguori	&	Placidi,	 2018).	 In	 agreement	with	 this	 suggestion,	 short-	
term	CPAP	treatment	 induces	modest	changes	 in	cerebral	glucose	
metabolism	in	patients	with	OSA;	briefly,	it	has	been	demonstrated	
that glucose metabolism dysfunction in bilateral frontal and tempo-
ral	lobes	improved	after	CPAP	treatment,	although	did	not	reach	the	
level	of	functioning	of	controls	(Ju	et	al.,	2012).	Further	longer	longi-
tudinal	studies	performed	in	larger	samples	of	patients,	coupling	the	
[18F]FDG	PET	results	to	cognitive	performance	evaluations,	should	

F I G U R E  2 Gut	microbiota	alterations	induced	by	obstructive	
sleep	apnea	(OSA)	components	could	mediate	some	of	its	
associated cardiovascular and metabolic consequences
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be planned in the future in order to better investigate brain metab-
olism	in	patients	with	OSA	and	the	possibly	beneficial	role	of	CPAP	
treatment.

Hence,	OSA	clearly	affects	brain	metabolism,	by	altering	glucose	
consumption,	 promoting	 inflammation,	 and	 inducing	 neurodegen-
erative	 processes.	 Hypoxia	 and	 SF	 are	 the	 two	 main	 detrimental	
factors	involved	in	this	relation.	CPAP	can	represent	a	reliable	treat-
ment for ensuring the physiological brain metabolism in patients 
with	OSA,	although	novel	and	clear	evidence	should	be	achieved	to	
reinforce this suggestion.

7  |  CB, IH AND METABOLISM

The	CBs	are	arterial	chemoreceptors	that	classically	sense	and	re-
spond to changes in arterial blood O2,	CO2	and	pH	levels.	Besides	
their	role	in	the	control	of	ventilation,	the	CBs	have	been	described	
as	metabolic	sensors	involved	in	energy	homeostasis	(Conde	et	al.,	
2017,	2018).	 In	OSA,	 it	 is	consensual	that	the	CBs	mediate	the	re-
flex	increase	in	sympathetic	activity	and	blood	pressure	due	to	CIH	
(Fletcher	et	al.,	1992b;	Narkiewicz	et	al.,	1999;	Peng	et	al.,	2003),	an	
effect	mediated	by	an	increase	in	CB	chemosensitivity	(Peng	et	al.,	
2009;	Prabhakar	et	al.,	2007;	Rey	et	al.,	2004),	and	abolished	by	CB	
and	 carotid	 sinus	nerve	 (CSN)	denervation	 (Fletcher	 et	 al.,	 1992a;	
Prabhakar	et	 al.,	 2005).	More	 recently,	 the	CB	has	been	also	pro-
posed	to	be	one	of	the	 links	between	CIH	and	metabolic	dysfunc-
tion.	 Supporting	 this	 link,	 CB	 denervation	 prevented	CIH-	induced	
fasting	 hyperglycaemia	 and	 hepatic	 glucose	 output	 (Shin	 et	 al.,	
2014).	Additionally,	 the	Conde	group	has	described	 that	 the	CB	 is	
primordial in controlling peripheral insulin sensitivity and glucose 
homeostasis,	as	the	denervation	and/or	modulation	of	the	CSN,	the	

CB-	sensitive	nerve,	prevents	and	reverts	the	pathological	dysmeta-
bolic	features	–		insulin	resistance,	glucose	intolerance	and	impaired	
glucose	 uptake	 in	 insulin-	sensitive	 tissue	 –		 induced	 by	 the	 hyper-
caloric	 diets	 in	 rats	 (Ribeiro	 et	 al.,	 2013;	 Sacramento	 et	 al.,	 2017,	
2018).	Also,	they	found	that	abolishment	of	CB	activity	normalized	
the heightened sympathetic activity observed in these animal mod-
els	 (Cracchiolo	et	al.,	2019;	Sacramento	et	al.,	2017),	meaning	that	
the	 neural-	circuitry	 by	which	 the	CB	 is	 involved	 in	 the	 control	 of	
metabolism	involves	the	sympathetic	nervous	system.	In	agreement,	
the	same	group	found	that	CB	activity	is	increased	in	metabolic	syn-
drome,	prediabetes	and	T2D	animal	models	(Dos	Santos	et	al.,	2018;	
Ribeiro	et	al.,	2013;	Sacramento	et	al.,	2017)	and	patients	 (Cunha-	
Guimaraes	et	al.,	2020),	 and	postulated	 that	 insulin,	 leptin	and	 in-
flammatory	cytokines,	which	are	known	to	act	on	the	CB	and	whose	
levels	are	deregulated	in	OSA	and	metabolic	disease,	contribute	to	
the	 vicious	 cycle	 of	 CIH–	CB	 activation–	metabolic	 disease	 (Conde	
et	al.,	2017,	2018;	Sacramento	et	al.,	2020).	Therefore,	 it	could	be	
postulated	 that	CIH,	by	acting	on	 the	CB	directly	or	 indirectly	via	
altering insulin secretion by the pancreas or the increasing leptin and 
inflammation	in	the	adipose	tissue,	lead	to	an	increase	in	CB	chemo-
sensitivity	that	promotes	metabolic	dysfunction	(Figure	1).

8  |  DYSLIPIDAEMIA AND OSA

Patients with sleep apnea are more likely to develop cardiovascular 
and	metabolic	disorders,	in	particular	systemic	hypertension,	heart	
failure,	coronary	heart	disease,	stroke,	diabetes	mellitus,	insulin	re-
sistance	and	also	dyslipidaemia	(Drager	et	al.,	2013).	Dyslipidaemia,	
defined as abnormally elevated total cholesterol or triglycerides 
with	or	without	a	corresponding	significantly	reduced	high-	density	

F I G U R E  3 Intermittent	hypoxia	
(IH)	and	sleep	fragmentation	(SF)	can	
negatively influence brain glucose 
metabolism and induce glymphatic 
system malfunction in patients with 
obstructive	sleep	apnea	(OSA);	as	a	
result,	brain	2-	deoxy-	2-	(18F)-	fluoro-	d-	
glucose positron emission tomography 
([18F]FDG	PET)	shows	the	reduction	of	
cerebral glucose metabolism indicative of 
a preclinical neurodegenerative process 
resembling	Alzheimer's	disease	pathology.	
R,	REM	sleep;	N1,	stage	1	of	non-	REM	
sleep;	N3,	stage	3	of	non-	REM	sleep;	
W,	wake;	[18F]FDG	PET,	2-	deoxy-	2-	
(18F)-	fluoro-	d-	glucose	positron	emission	
tomography
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lipoprotein	(HDL)	level,	is	associated	with	progressive	atherosclero-
sis. There is an increased risk of cardiovascular morbidity and mortal-
ity	in	patients	with	sleep	apnea	with	high	lipid	levels,	and	especially	
in	 the	 ones	with	 other	 risk	 factors	 like	 obesity,	 diabetes,	 physical	
inactivity,	and	a	high-	cholesterol	diet	(Seetho	et	al.,	2014).

The	role	of	OSA	in	the	development	of	dyslipidaemia	has	been	
investigated in animal models and clinical studies for evaluation of 
an	independent	relationship	beyond	the	effects	of	obesity.	Although	
a	 clear	 causal	 relationship	 of	 OSA	 and	 dyslipidaemia	 is	 yet	 to	 be	
demonstrated,	there	is	increasing	evidence	that	CIH	causes	upregu-
lation	of	lipid	biosynthesis	in	the	liver,	an	increase	in	adipose	tissue	
lipolysis,	and	also	an	inhibition	of	lipoprotein	clearance,	mechanisms	
that	 may	 promote	 dyslipidaemia	 (Adedayo	 et	 al.,	 2014;	 Barros	 &	
García-	Río,	2019).	Evidence	from	animal	models	of	OSA	has	shown	
that	CIH	 induces	 fasting	dyslipidaemia	even	 in	 lean	mice	 (Li	et	al.,	
2005),	and	mice	exposed	to	CIH	and	a	high-	cholesterol	diet	devel-
oped	 atherosclerotic	 lesions	 in	 the	 aorta,	 and	 progression	 of	 dys-
lipidaemia	(Savransky	et	al.,	2007).	The	clinical	evidence	supporting	
the	 impact	 of	OSA	 on	 lipid	metabolism	 is	mostly	 based	 on	 cross-	
sectional	studies.	Even	so,	OSA	has	been	shown	to	be	independently	
associated	with	dyslipidaemia	diagnosis	 in	clinical	 studies,	and	 the	
link	 is	strong	with	the	severity	of	OSA,	especially	measured	by	 IH	
(Figure	4;	Gunduz	et	al.,	2019;	Trzepizur	et	al.,	2013).	Although	OSA	
could	worsen	the	lipid	metabolism	in	non-	obese	patients	(Karkinski	
et	 al.,	 2017),	 lipid	 levels	 are	 higher	 in	 particular	 in	 OSA	 patients	
with	central	obesity,	as	shown	in	the	 large	multicentre	ESADA	co-
hort	 (Gunduz	 et	 al.,	 2018).	 A	 meta-	regression	 analysis	 including	
18,116	 patients	 demonstrated	 that	OSA	 is	 associated	with	 higher	
total	cholesterol,	triglyceride	and	low-	density	lipoprotein	(LDL),	and	
lower	HDL	concentrations,	with	a	correlation	between	AHI	and	lipid	

profile.	Therefore,	dyslipidaemia	may	be	the	mechanism	of	athero-
sclerosis	in	patients	with	OSA	(Nadeem	et	al.,	2014).

Continuous	positive	 airway	pressure	 is	 the	 first-	line	 treatment	
for	OSA,	but	it	is	unclear	whether	CPAP	treatment	can	improve	dys-
lipidaemia and reduce cardiovascular morbidities in patients with 
OSA.	 In	 a	 meta-	regression	 analysis	 (Nadeem	 et	 al.,	 2014),	 it	 was	
shown	that	CPAP	treatment	 improves	dyslipidaemia	by	decreasing	
total	 and	 LDL-	cholesterol,	 and	 increasing	 HDL-	cholesterol	 levels.	
However,	another	meta-	analysis	(Xu	et	al.,	2014)	included	only	ran-
domized	controlled	trials	comparing	CPAP	therapy	with	sham	CPAP	
or	 control	 groups,	 and	demonstrated	 that	CPAP	 treatment	 signifi-
cantly decreases only total cholesterol (especially in patients of 
younger	age,	more	obese,	and	treated	with	long-	term	CPAP),	but	not	
LDL-		and	HDL-	cholesterol	or	triglyceride	levels.	Overall,	trials	eval-
uating	the	effects	of	CPAP	on	lipid	metabolism	present	inconclusive	
results,	probably	due	to	the	observational	design,	small	sample	size,	
short-	term	follow-	up	or	potentially	not	fully	controlling	confounding	
factors	on	top	of	CPAP	treatment.	Chirinos	et	al.	 (2014)	 randomly	
assigned	 146	 patients	 with	 obesity	 and	 moderate-	to-	severe	 OSA	
to	CPAP	treatment,	weight-	loss,	or	CPAP	plus	weight-	loss	interven-
tion	for	24	weeks,	and	triglyceride	levels	were	significantly	reduced	
in	 the	 weight-	loss	 and	 combined-	intervention	 groups,	 but	 not	 in	
the	 CPAP-	alone	 group.	 The	 effect	 of	 long-	term	CPAP	 therapy	 on	
dyslipidaemia	was	evaluated	 in	a	 recent	 study,	 and	 total	 and	LDL-	
cholesterol	levels	decreased	significantly	following	both	short-		and	
long-	term	CPAP	therapy,	but	triglyceride	or	HDL-	cholesterol	did	not	
change	(Simon	et	al.,	2020).	Similarly,	we	investigated	the	long-	term	
effect	of	CPAP	therapy	on	lipid	profile	in	the	ESADA	cohort,	and	all	
lipid	 levels	 improved	 following	CPAP	 treatment	 in	 the	 unadjusted	
analysis	 (Gunduz	et	 al.,	 2020).	However,	 after	 adjustment	 for	 age,	
sex,	lipid-	lowering	medication,	change	in	weight,	CPAP	compliance	
and	 duration,	 only	 total	 cholesterol	 levels	 decreased	 significantly	
during	follow-	up	(Figure	5),	and	duration	of	CPAP	therapy	was	the	
only	independent	predictor	for	cholesterol	reduction.	Besides,	coro-
nary heart disease risk assessed by Framingham risk score decreased 
with	CPAP	therapy	in	both	male	and	female	OSA	patients	(Figure	6).

In	 conclusion,	 patients	 with	 OSA	 may	 exhibit	 higher	 rates	 of	
IH-	induced	dyslipidaemia,	a	risk	factor	for	cardiovascular	and	cere-
brovascular	disorders,	and	the	severity	of	OSA	is	correlated	to	the	
level	 of	 dyslipidaemia.	CPAP	 therapy	may	have	a	beneficial	 effect	
on	lipid	profile	but,	along	with	CPAP	device,	lifestyle	modifications	
like	diet,	physical	activity	and	weight	reduction	are	also	important	in	
patients	with	sleep	apnea.	Future	studies	are	needed	to	explore	the	
correlation	 between	 dyslipidaemia	 and	OSA.	 Also,	 long-	term	 ran-
domized	controlled	trials	with	large	sample	size	and	after	controlling	
confounding factors should be performed to determine the effect of 
CPAP	therapy	on	lipid	levels.

9  |  CONCLUSIONS

Obstructive sleep apnea is a highly prevalent disorder with major 
cardiovascular and metabolic consequences. The relationship 

F I G U R E  4 Hyperlipidaemia	prevalence	rates	(95%	confidence	
interval	[CI])	in	obstructive	sleep	apnea	(OSA)	increases	across	
quartiles	of	oxygen	desaturation	index	(15.1%,	21.7%,	24.4%	
and	26.1%,	respectively;	p	<	.001,	between	groups).	Significant	
differences in prevalence between groups were reported for 
quartile	I	versus	quartiles	II–	IV,	and	for	quartile	II	versus	quartile	IV	
(p	<	.05	both,	within	groups).	95%	CIs	were	demonstrated	by	bars.	
βp	<	.001	between	groups	I–	IV.	*p	<	.05	within	groups	I	versus	II,	
III	and	IV.	#p	<	.05	within	groups	II	versus	IV	(Gunduz	et	al.,	2019)
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between	 OSA	 and	 metabolic	 comorbidities	 is	 bidirectional.	 OSA-	
induced	IH	and	SF	may	result	in	decreased	insulin	sensitivity,	sym-
pathetic	excitation,	and	systemic	inflammation	that	eventually	lead	
to	metabolic	 consequences.	 Sleep	 apnea	 is	 a	 risk	 factor	 for	 T2D,	

and	the	prevalence	of	diabetes	increases	with	the	severity	of	OSA.	
Besides,	the	relationship	between	the	two	conditions	is	independent	
of	obesity.	OSA	is	also	associated	with	metabolic	syndrome	and	its	
components,	including	visceral	obesity,	hypertension,	insulin	resist-
ance,	glucose	intolerance	and	dyslipidaemia.	Additionally,	there	is	an	
association	between	OSA	and	NAFLD.

Circadian	misalignment	may	increase	the	risk	of	obesity.	As	well	
as	the	food	content,	the	timing	of	the	food	intake	is	important	for	gut	
microbiota and host metabolism. The gut microbiota composition has 
been	reported	to	associate	with	sleep	disorders	such	as	narcolepsy,	
insomnia	and	OSA.	In	OSA,	IH	and	SF	affect	the	gut	microbiota,	and	
result	 in	 dysbiosis	 and	 health	 consequences.	 Both	 IH	 and	 SF	 due	
to	OSA	may	also	concur	altering	brain	homeostasis	and	producing	
cerebral	 inflammation,	 cognitive	 deterioration,	 neuropsychological	
disturbances and cerebrovascular dysfunction. There is also increas-
ing	evidence	that	IH	causes	upregulation	of	lipid	biosynthesis	in	the	
liver,	an	increase	in	adipose	tissue	lipolysis	and	also	an	inhibition	of	
lipoprotein	clearance,	mechanisms	that	may	promote	dyslipidaemia.	
Patients	with	OSA	may	exhibit	higher	rates	of	dyslipidaemia,	and	the	
severity	of	OSA	is	correlated	to	the	level	of	dyslipidaemia.

The	 underlying	 mechanisms	 of	 metabolic	 dysfunction	 in	 OSA	
require	 further	 exploration	 using	 animal	models	 and	 clinical	 data.	
Additionally,	CPAP	is	the	first-	line	treatment	for	OSA,	but	 it	 is	un-
clear	 whether	 CPAP	 treatment	 can	 improve	 metabolic	 disorders.	
Preliminary results of probiotic administration to improve sleep 
quality	in	healthy	volunteers	are	promising,	but	no	data	are	available	
in	patients	with	OSA.	Therefore,	further	studies	are	needed.
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F I G U R E  5 Pairwise	comparisons	in	
lipid profile in regression model adjusted 
for	age,	sex,	lipid-	lowering	medication,	
change	in	weight,	continuous	positive	
airway	pressure	(CPAP)	compliance,	and	
duration.	*Parameters	with	p	<	.05,	**all	
values	expressed	as	mean	±	SD	(mg dl−1)	
(Gunduz	et	al.,	2020)
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F I G U R E  6 Comparison	of	baseline	and	follow-	up	coronary	
heart	disease	(CHD)	risk	scores**	in	male	(a)	and	female	(b)	patients	
adjusted	for	continuous	positive	airway	pressure	(CPAP)	duration,	
lipid-	lowering	medication,	and	change	in	weight.	*Parameters	with	
p-	value	< .05.	**Framingham	CHD	risk	has	been	calculated	in	terms	
of	total	cholesterol	and	low-	density	lipoprotein	(LDL)-	cholesterol	
points.	*Parameters	with	p-	value	< .05.	**Framingham	CHD	risk	has	
been	calculated	in	terms	of	total	and	LDL-	cholesterol	(Gunduz	et	al.,	
2020)



    |  11 of 16ALMENDROS Et AL.

and	 Circadian	 misalignment,	 obesity	 and	 microbiota.	 All	 authors	
critically reviewed and accepted the final version of the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analysed in this study.

ORCID
Isaac Almendros  https://orcid.org/0000-0002-1998-9379 
Özen K. Basoglu  https://orcid.org/0000-0001-8168-6611 
Silvia V. Conde  https://orcid.org/0000-0002-5920-5700 
Claudio Liguori  https://orcid.org/0000-0003-2845-1332 
Tarja Saaresranta  https://orcid.org/0000-0001-9328-963X 

R E FE R E N C E S
Aalling,	N.	N.,	Nedergaard,	M.,	&	DiNuzzo,	M.	(2018).	Cerebral	metabolic	

changes during sleep. Current Neurology and Neuroscience Reports,	
18,	57.	https://doi.org/10.1007/s1191	0-	018-	0868-	9

Adedayo,	A.	M.,	Olafiranye,	O.,	Smith,	D.,	Hill,	A.,	Zizi,	F.,	Brown,	C.,	&	
Jean-	Louis,	G.	 (2014).	Obstructive	 sleep	 apnea	 and	 dyslipidemia:	
Evidence	 and	 underlying	 mechanism.	 Sleep Breath,	 18,	 13–	18.	
https://doi.org/10.1007/s1132	5-	012-	0760-	9

Akahoshi,	T.,	Uematsu,	A.,	Akashiba,	T.,	Nagaoka,	K.,	Kiyofuji,	K.,	Kawahara,	
S.,	 Hattori,	 T.,	 Kaneita,	 Y.,	 Yoshizawa,	 T.,	 Takahashi,	 N.,	 Uchiyama,	
M.,	&	Hashimoto,	S.	 (2010).	Obstructive	sleep	apnoea	is	associated	
with risk factors comprising the metabolic syndrome. Respirology,	15,	
1122–	1126.	https://doi.org/10.1111/j.1440-	1843.2010.01818.x

Al-	Delaimy,	W.	K.,	Manson,	J.	E.,	Willett,	W.	C.,	Stampfer,	M.	J.,	&	Hu,	
F.	B.	(2002).	Snoring	as	a	risk	factor	for	type	II	diabetes	mellitus:	A	
prospective study. American Journal of Epidemiology,	155,	387–	393.	
https://doi.org/10.1093/aje/155.5.387

Alkhouri,	N.,	Kheirandish-	Gozal,	L.,	Matloob,	A.,	Alonso-	Álvarez,	M.	L.,	
Khalyfa,	 A.,	 Terán-	Santos,	 J.,	 Okwu,	 V.,	 Lopez,	 R.,	 Gileles-	Hillel,	
A.,	Dweik,	R.,	&	Gozal,	D.	(2015).	Evaluation	of	circulating	markers	
of hepatic apoptosis and inflammation in obese children with and 
without obstructive sleep apnea. Sleep Medicine,	16,	 1031–	1035.	
https://doi.org/10.1016/j.sleep.2015.05.002

Almendros,	 I.,	 Gileles-	Hillel,	 A.,	 Khalyfa,	 A.,	 Wang,	 Y.,	 Zhang,	 S.	 X.,	
Carreras,	A.,	Farré,	R.,	&	Gozal,	D.	 (2015).	Adipose	 tissue	macro-
phage	 polarization	 by	 intermittent	 hypoxia	 in	 a	 mouse	model	 of	
OSA:	Effect	of	tumor	microenvironment.	Cancer Letters,	361,	233–	
239.	https://doi.org/10.1016/j.canlet.2015.03.010

André,	C.,	Rehel,	S.,	Kuhn,	E.,	Landeau,	B.,	Moulinet,	I.,	Touron,	E.,	Ourry,	
V.,	 Le	Du,	G.,	Mézenge,	F.,	 Tomadesso,	C.,	 de	Flores,	R.,	Bejanin,	
A.,	 Sherif,	 S.,	Delcroix,	N.,	Manrique,	A.,	Abbas,	A.,	Marchant,	N.	
L.,	 Lutz,	 A.,	 Klimecki,	O.	M.,	…	Rauchs,	G.	 (2020).	 Association	 of	
sleep-	disordered	breathing	with	Alzheimer	disease	biomarkers	 in	
community-	dwelling	 older	 adults:	 A	 secondary	 analysis	 of	 a	 ran-
domized	 clinical	 trial.	 JAMA Neurology,	 77,	 716–	724.	 https://doi.
org/10.1001/jaman eurol.2020.0311

Arble,	D.	M.,	Bass,	 J.,	 Laposky,	A.	D.,	Vitaterna,	M.	H.,	&	Turek,	 F.	W.	
(2009).	Circadian	timing	of	food	intake	contributes	to	weight	gain.	
Obesity,	17,	2100–	2102.	https://doi.org/10.1038/oby.2009.264

Aron-	Wisnewsky,	J.,	Clement,	K.,	&	Pépin,	J.	L.	(2016).	Nonalcoholic	fatty	
liver disease and obstructive sleep apnea. Metabolism,	65,	 1124–	
1135.	https://doi.org/10.1016/j.metab	ol.2016.05.004

Aron-	Wisnewsky,	 J.,	 Minville,	 C.,	 Tordjman,	 J.,	 Lévy,	 P.,	 Bouillot,	 J.	
L.,	 Basdevant,	A.,	 Bedossa,	 P.,	 Clément,	K.,	&	Pépin,	 J.	 L.	 (2012).	
Chronic	 intermittent	 hypoxia	 is	 a	major	 trigger	 for	 non-	alcoholic	
fatty liver disease in morbid obese. Journal of Hepatology,	56,	225–	
33. https://doi.org/10.1016/j.jhep.2011.04.022

Aron-	Wisnewsky,	 J.,	 &	 Pepin,	 J.	 L.	 (2015).	New	 insights	 in	 the	 patho-
physiology	 of	 chronic	 intermittent	 hypoxia-	induced	 NASH:	 The	
role	of	gut-	liver	axis	impairment.	Thorax,	70,	713–	715.	https://doi.
org/10.1136/thora	xjnl-	2015-	207212

Attwell,	D.,	&	Laughlin,	S.	B.	 (2001).	An	energy	budget	 for	signaling	 in	
the grey matter of the brain. Journal of Cerebral Blood Flow and 
Metabolism,	 21,	 1133–	1145.	 https://doi.org/10.1097/00004	647-	
20011	0000-	00001

Babu,	A.	R.,	Herdegen,	J.,	Fogelfeld,	L.,	Shott,	S.,	&	Mazzone,	T.	(2005).	
Type	2	diabetes,	glycemic	control,	and	continuous	positive	airway	
pressure in obstructive sleep apnea. Archives of Internal Medicine,	
165,	447–	452.	https://doi.org/10.1001/archi	nte.165.4.447

Badran,	M.,	Khalyfa,	A.,	Ericsson,	A.,	&	Gozal,	D.	(2020).	Fecal	microbiota	
transplantation	from	mice	exposed	to	chronic	intermittent	hypoxia	
elicits sleep disturbances in naïve mice. Experimental Neurology,	
334,	113439.	https://doi.org/10.1016/j.expne	urol.2020.113439

Barros,	D.,	&	García-	Río,	F.	(2019).	Obstructive	sleep	apnea	and	dyslip-
idemia: From animal models to clinical evidence. Sleep,	42,	zsy236.	
https://doi.org/10.1093/sleep/	zsy236

Benedict,	C.,	Vogel,	H.,	Jonas,	W.,	Woting,	A.,	Blaut,	M.,	Schürmann,	A.,	
&	Cedernaes,	 J.	 (2016).	Gut	microbiota	and	glucometabolic	alter-
ations	in	response	to	recurrent	partial	sleep	deprivation	in	normal-	
weight young individuals. Molecular Metabolism,	 5,	 1175–	1186.	
https://doi.org/10.1016/j.molmet.2016.10.003

Berger,	 S.,	 &	 Polotsky,	 V.	 Y.	 (2018).	 Leptin	 and	 leptin	 resistance	
in	 the	 pathogenesis	 of	 obstructive	 sleep	 apnea:	 A	 possi-
ble	 link	 to	 oxidative	 stress	 and	 cardiovascular	 complications.	
Oxidative Medicine and Cellular Longevity,	 2018,	 1–	8.	 https://doi.
org/10.1155/2018/5137947

Bonsignore,	M.	R.,	Borel,	A.-	L.,	Machan,	E.,	&	Grunstein,	R.	(2013).	Sleep	
apnoea and metabolic dysfunction. European Respiratory Reviews,	
22,	353–	364.

Bubu,	 O.	 M.,	 Andrade,	 A.	 G.,	 Umasabor-	Bubu,	 O.	 Q.,	 Hogan,	 M.	 M.,	
Turner,	A.	D.,	Leon,	M.	J.,	Ogedegbe,	G.,	Ayappa,	I.,	Jean-	Louis,	G.	
G.,	Jackson,	M.	L.,	Varga,	A.	W.,	&	Osorio,	R.	S.	(2020).	Obstructive	
sleep	 apnea,	 cognition	 and	Alzheimer's	 disease:	A	 systematic	 re-
view integrating three decades of multidisciplinary research. Sleep 
Medicine Reviews,	50,	101250.

Caballero-	Eraso,	C.,	Shin,	M.-	K.,	Pho,	H.,	Kim,	L.	J.,	Pichard,	L.	E.,	Wu,	Z.-	
J.,	Gu,	C.,	Berger,	S.,	Pham,	L.,	Yeung,	H.-	Y.,	Shirahata,	M.,	Schwartz,	
A.	R.,	Tang,	W.-	Y.,	Sham,	J.	S.	K.,	&	Polotsky,	V.	Y.	(2019).	Leptin	acts	
in the carotid bodies to increase minute ventilation during wake-
fulness	and	sleep	and	augment	 the	hypoxic	ventilatory	 response.	
Journal of Physiology,	 597,	 151–	172.	 https://doi.org/10.1113/
JP276900

Carreras,	 A.,	 Kayali,	 F.,	 Zhang,	 J.,	 Hirotsu,	 C.,	 Wang,	 Y.,	 &	 Gozal,	 D.	
(2012).	Metabolic	effects	of	 intermittent	hypoxia	 in	mice:	Steady	
versus	 high-	frequency	 applied	 hypoxia	 daily	 during	 the	 rest	 pe-
riod. American Journal of Physiology, Regulatory, Integrative and 
Comparative Physiology,	303,	R700–	R709.

Chirinos,	 J.	 A.,	 Gurubhagavatula,	 I.,	 Teff,	 K.,	 Rader,	 D.	 J.,	Wadden,	 T.	
A.,	Townsend,	R.,	Foster,	G.	D.,	Maislin,	G.,	Saif,	H.,	Broderick,	P.,	
Chittams,	J.,	Hanlon,	A.	L.,	&	Pack,	A.	I.	(2014).	CPAP,	weight	loss,	or	
both for obstructive sleep apnea. New England Journal of Medicine,	
370,	2265–	2275.	https://doi.org/10.1056/NEJMo	a1306187

Conde,	S.	V.,	Ribeiro,	M.	J.,	Melo,	B.	F.,	Guarino,	M.	P.,	&	Sacramento,	J.	
F.	(2017).	Insulin	resistance:	A	new	consequence	of	altered	carotid	
body	 chemoreflex?	 Journal of Physiology,	595,	 31–	41.	 https://doi.
org/10.1113/JP271684

Conde,	S.	V.,	Sacramento,	 J.	F.,	&	Guarino,	M.	P.	 (2018).	Carotid	body:	
A	 metabolic	 sensor	 implicated	 in	 insulin	 resistance.	 Physiological 
Genomics,	 50,	 208–	214.	 https://doi.org/10.1152/physi	olgen	
omics.00121.2017

Conde,	S.	Ã.	V.,	Sacramento,	J.	F.,	Guarino,	M.	P.,	Gonzalez,	C.,	Obeso,	
A.,	Diogo,	 L.	N.,	Monteiro,	 E.	C.,	&	Ribeiro,	M.	 J.	 (2014).	 Carotid	

https://orcid.org/0000-0002-1998-9379
https://orcid.org/0000-0002-1998-9379
https://orcid.org/0000-0001-8168-6611
https://orcid.org/0000-0001-8168-6611
https://orcid.org/0000-0002-5920-5700
https://orcid.org/0000-0002-5920-5700
https://orcid.org/0000-0003-2845-1332
https://orcid.org/0000-0003-2845-1332
https://orcid.org/0000-0001-9328-963X
https://orcid.org/0000-0001-9328-963X
https://doi.org/10.1007/s11910-018-0868-9
https://doi.org/10.1007/s11325-012-0760-9
https://doi.org/10.1111/j.1440-1843.2010.01818.x
https://doi.org/10.1093/aje/155.5.387
https://doi.org/10.1016/j.sleep.2015.05.002
https://doi.org/10.1016/j.canlet.2015.03.010
https://doi.org/10.1001/jamaneurol.2020.0311
https://doi.org/10.1001/jamaneurol.2020.0311
https://doi.org/10.1038/oby.2009.264
https://doi.org/10.1016/j.metabol.2016.05.004
https://doi.org/10.1016/j.jhep.2011.04.022
https://doi.org/10.1136/thoraxjnl-2015-207212
https://doi.org/10.1136/thoraxjnl-2015-207212
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1001/archinte.165.4.447
https://doi.org/10.1016/j.expneurol.2020.113439
https://doi.org/10.1093/sleep/zsy236
https://doi.org/10.1016/j.molmet.2016.10.003
https://doi.org/10.1155/2018/5137947
https://doi.org/10.1155/2018/5137947
https://doi.org/10.1113/JP276900
https://doi.org/10.1113/JP276900
https://doi.org/10.1056/NEJMoa1306187
https://doi.org/10.1113/JP271684
https://doi.org/10.1113/JP271684
https://doi.org/10.1152/physiolgenomics.00121.2017
https://doi.org/10.1152/physiolgenomics.00121.2017


12 of 16  |     ALMENDROS Et AL.

body,	insulin,	and	metabolic	diseases:	Unraveling	the	links.	Frontiers 
in Physiology,	5,	418.	https://doi.org/10.3389/fphys.2014.00418

Cracchiolo,	M.,	Sacramento,	J.	F.,	Mazzoni,	A.,	Panarese,	A.,	Carpaneto,	
J.,	 Conde,	 S.	 V.,	 &	Micera,	 S.	 (2019).	 Decoding	 neural	 metabolic	
markers from the carotid sinus nerve in a Type 2 diabetes model. 
IEEE Transactions on Neural Systems and Rehabilitation Engineering,	
27,	2034–	2043.	https://doi.org/10.1109/TNSRE.2019.2942398

Cunha-	Guimaraes,	 J.	 P.,	 Guarino,	 M.	 P.,	 Timóteo,	 A.	 T.,	 Caires,	 I.,	
Sacramento,	J.	F.,	Ribeiro,	M.	J.,	Selas,	M.,	Santiago,	J.	C.	P.,	Mota-	
Carmo,	M.,	&	Conde,	S.	V.	(2020).	Carotid	body	chemosensitivity:	
Early	biomarker	of	dysmetabolism	in	humans.	European Journal of 
Endocrinology,	182,	549–	557.	https://doi.org/10.1530/EJE-	19-	0976

Daltro,	C.,	Gregorio,	P.	B.,	Alves,	E.,	Abreu,	M.,	Bomfim,	D.,	Chicourel,	
M.	H.,	Araújo,	L.,	&	Cotrim,	H.	P.	(2007).	Prevalence	and	severity	of	
sleep apnea in a group of morbidly obese patients. Obesity Surgery,	
17,	809–	814.	https://doi.org/10.1007/s1169	5-	007-	9147-	6

DiNuzzo,	 M.	 (2016).	 Astrocyte-	neuron	 interactions	 during	 learning	
may occur by lactate signaling rather than metabolism. Frontiers 
in Integrative Neuroscience,	 10,	 1–	5.	 https://doi.org/10.3389/
fnint.2016.00002

Dos	 Santos,	 E.,	 Sacramento,	 J.	 F.,	 Melo,	 B.	 F.,	 &	 Conde,	 S.	 V.	 (2018).	
Carotid	body	dysfunction	in	diet-	induced	insulin	resistance	is	asso-
ciated with alterations in its morphology. Arterial Chemoreceptors,	
1071,	103–	108.	Springer.

Drager,	L.	F.,	Togeiro,	S.	M.,	Polotsky,	V.	Y.,	&	Lorenzi-	Filho,	G.	 (2013).	
Obstructive	sleep	apnea:	A	cardiometabolic	risk	in	obesity	and	the	
metabolic syndrome. Journal of the American College of Cardiology,	
62,	569–	576.	https://doi.org/10.1016/j.jacc.2013.05.045

Elmasry,	 A.,	 Janson,	 C.,	 Lindberg,	 E.,	 Gislason,	 T.,	 Tageldin,	 M.	 A.,	 &	
Boman,	G.	(2000).	The	role	of	habitual	snoring	and	obesity	in	the	
development	 of	 diabetes:	 A	 10-	year	 follow-	up	 study	 in	 a	 male	
population. Journal of Internal Medicine,	 248,	 13–	20.	 https://doi.
org/10.1046/j.1365-	2796.2000.00683.x

Fenik,	V.	B.,	Singletary,	T.,	Branconi,	J.	L.,	Davies,	R.	O.,	&	Kubin,	L.	(2012).	
Glucoregulatory	 consequences	 and	 cardiorespiratory	 parameters	
in	rats	exposed	to	chronic–	intermittent	hypoxia:	Effects	of	the	du-
ration	of	exposure	and	losartan.	Frontiers in Neurology,	3,	51.

Fietze,	I.,	Laharnar,	N.,	Obst,	A.,	Ewert,	R.,	Felix,	S.	B.,	Garcia,	C.,	Gläser,	
S.,	Glos,	M.,	Schmidt,	C.	O.,	Stubbe,	B.,	Völzke,	H.,	Zimmermann,	
S.,	&	Penzel,	T.	 (2019).	Prevalence	and	association	analysis	of	ob-
structive sleep apnea with gender and age differences– Results 
of	 SHIP-	Trend.	 Journal of Sleep Research,	28,	 e12770.	 https://doi.
org/10.1111/jsr.12770

Fletcher,	 E.	 C.,	 Lesske,	 J.,	 Behm,	 R.,	Miller,	 C.	 C.,	 Stauss,	H.,	&	Unger,	
T.	 (1992a).	 Carotid	 chemoreceptors,	 systemic	 blood	 pressure,	
and	 chronic	 episodic	 hypoxia	 mimicking	 sleep	 apnea.	 Journal of 
Applied Physiology (1985),	72,	1978–	1984.	https://doi.org/10.1152/
jappl.1992.72.5.1978

Fletcher,	 E.	 C.,	 Lesske,	 J.,	 Qian,	W.,	Miller,	 C.	 C.,	 &	Unger,	 T.	 (1992b).	
Repetitive,	episodic	hypoxia	causes	diurnal	elevation	of	blood	pres-
sure in rats. Hypertension,	19,	555–	561.	https://doi.org/10.1161/01.
HYP.19.6.555

Ganesh,	 B.	 P.,	 Nelson,	 J.	 W.,	 Eskew,	 J.	 R.,	 Ganesan,	 A.,	 Ajami,	 N.	 J.,	
Petrosino,	 J.	 F.,	 Bryan,	 R.	M.,	 &	Durgan,	 D.	 J.	 (2018).	 Prebiotics,	
probiotics,	 and	 acetate	 supplementation	prevent	hypertension	 in	
a model of obstructive sleep apnea. Hypertension,	72,	1141–	1150.	
https://doi.org/10.1161/HYPER	TENSI	ONAHA.118.11695

Gauda,	 E.	 B.,	 Conde,	 S.,	 Bassi,	 M.,	 Zoccal,	 D.	 B.,	 Colombari,	 D.	 S.	 A.,	
Colombari,	 E.,	 &	 Despotovic,	 N.	 (2020).	 Leptin:	 Master	 regula-
tor of biological functions that affects breathing. Comprehensive 
Physiology,	10,	1047–	1083.

Gileles-	Hillel,	 A.,	 Almendros,	 I.,	 Khalyfa,	 A.,	 Nigdelioglu,	 R.,	 Qiao,	 Z.,	
Hamanaka,	R.	B.,	Mutlu,	G.	M.,	Akbarpour,	M.,	&	Gozal,	D.	(2017).	
Prolonged	 exposures	 to	 intermittent	 hypoxia	 promote	 visceral	
white adipose tissue inflammation in a murine model of severe sleep 

apnea:	Effect	of	normoxic	recovery.	Sleep,	40,	zsw074.	https://doi.
org/10.1093/sleep/	zsw074

Gozal,	 D.,	 Gileles-	Hillel,	 A.,	 Cortese,	 R.,	 Li,	 Y.,	 Almendros,	 I.,	 Qiao,	 Z.,	
Khalyfa,	 A.	 A.,	 Andrade,	 J.,	 &	 Khalyfa,	 A.	 (2017).	 Visceral	 white	
adipose	tissue	after	chronic	intermittent	and	sustained	hypoxia	in	
mice. American Journal of Respiratory Cell and Molecular Biology,	56,	
477–	487.	https://doi.org/10.1165/rcmb.2016-	0243OC

Gunduz,	 C.,	 Basoglu,	 O.	 K.,	 Hedner,	 J.,	 Bonsignore,	 M.	 R.,	 Staats,	 R.,	
Bouloukaki,	I.,	Roisman,	G.,	Pataka,	A.,	Sliwinski,	P.,	Ludka,	O.,	Pepin,	
J.	L.,	Grote,	L.,	&	European	Sleep	Apnoea	Database	Collaborators	
(2019).	Hyperlipidaemia	prevalence	and	cholesterol	control	in	ob-
structive	sleep	apnoea:	Data	from	the	European	sleep	apnea	data-
base	(ESADA).	Journal of Internal Medicine,	286,	676–	688.

Gündüz,	C.,	Basoglu,	O.	K.,	Hedner,	J.,	Zou,	D.,	Bonsignore,	M.	R.,	Hein,	
H.,	Staats,	R.,	Pataka,	A.,	Barbe,	F.,	Sliwinski,	P.,	Kent,	B.	D.,	Pepin,	J.	
L.,	Grote,	L.,	Anttalainen,	U.,	Barbé,	F.,	Bonsignore,	M.	R.,	Basoglu,	
O.	 K.,	 Bielicki,	 P.,	 Bouloukaki,	 I.,	 …	Vitols,	 A.	 (2018).	Obstructive	
sleep apnoea independently predicts lipid levels: Data from the 
European	 Sleep	 Apnea	 Database.	 Respirology,	 23,	 1180–	1189.	
https://doi.org/10.1111/resp.13372

Gunduz,	C.,	Basoglu,	O.	K.,	Kvamme,	J.	A.,	Verbraecken,	J.,	Anttalainen,	
U.,	 Marrone,	 O.,	 Steiropoulos,	 P.,	 Roisman,	 G.,	 Joppa,	 P.,	 Hein,	
H.,	 Trakada,	 G.,	 Hedner,	 J.,	 Grote,	 L.,	 &	 European	 Sleep	 Apnoea	
Database	Collaborators	(2020).	Long-	term	positive	airway	pressure	
therapy is associated with reduced total cholesterol levels in pa-
tients	with	obstructive	sleep	apnea:	Data	from	the	European	Sleep	
Apnea	Database	(ESADA).	Sleep Medicine,	75,	201–	209.

Harrison,	S.	A.,	Torgerson,	S.,	&	Hayashi,	P.	H.	 (2003).	The	natural	his-
tory	of	nonalcoholic	fatty	liver	disease:	A	clinical	histopathological	
study. American Journal of Gastroenterology,	98,	2042–	2047.	https://
doi.org/10.1111/j.1572-	0241.2003.07659.x

Harsch,	I.	A.,	Schahin,	S.	P.,	Brückner,	K.,	Radespiel-	Tröger,	M.,	Fuchs,	F.	
S.,	Hahn,	E.	G.,	Konturek,	P.	C.,	Lohmann,	T.,	&	Ficker,	J.	H.	(2004).	
The effect of continuous positive airway pressure treatment on 
insulin sensitivity in patients with obstructive sleep apnoea syn-
drome and type 2 diabetes. Respiration,	71,	 252–	259.	 https://doi.
org/10.1159/00007	7423

Hatori,	M.,	Vollmers,	C.,	Zarrinpar,	A.,	DiTacchio,	L.,	Bushong,	E.	A.,	Gill,	
S.,	Leblanc,	M.,	Chaix,	A.,	Joens,	M.,	Fitzpatrick,	J.	A.	J.,	Ellisman,	
M.	H.,	&	Panda,	S.	(2012).	Time-	restricted	feeding	without	reduc-
ing	caloric	 intake	prevents	metabolic	diseases	 in	mice	fed	a	high-	
fat diet. Cell Metabolism,	15,	 848–	860.	 https://doi.org/10.1016/j.
cmet.2012.04.019

Ip,	M.	S.	M.,	Lam,	B.,	Ng,	M.	M.	T.,	Lam,	W.	K.,	Tsang,	K.	W.	T.,	&	Lam,	
K.	 S.	 L.	 (2002).	Obstructive	 sleep	apnea	 is	 independently	 associ-
ated with insulin resistance. American Journal of Respiratory and 
Critical Care Medicine,	 165,	 670–	676.	 https://doi.org/10.1164/
ajrccm.165.5.2103001

Ip,	M.	S.	M.,	Lam,	K.	S.	L.,	Ho,	C.,	Tsang,	K.	W.	T.,	&	Lam,	W.	(2000).	Serum	
leptin and vascular risk factors in obstructive sleep apnea. Chest,	
118,	580–	586.	https://doi.org/10.1378/chest.118.3.580

Jin,	S.,	Jiang,	S.,	&	Hu,	A.	(2018).	Association	between	obstructive	sleep	
apnea	 and	 non-	alcoholic	 fatty	 liver	 disease:	 A	 systematic	 review	
and	meta-	analysis.	 Sleep and Breathing,	 22,	 841–	851.	 https://doi.
org/10.1007/s1132	5-	018-	1625-	7

Ju,	G.,	Yoon,	I.	Y.,	Lee,	S.	D.,	Kim,	Y.	K.,	Yoon,	E.,	&	Kim,	J.	W.	(2012).	Modest	
changes in cerebral glucose metabolism in patients with sleep 
apnea syndrome after continuous positive airway pressure treat-
ment. Respiration,	 84,	 212–	218.	 https://doi.org/10.1159/00033	
8117

Jullian-	Desayes,	 I.,	 Tamisier,	 R.,	 Zarski,	 J.-	P.,	 Aron-	Wisnewsky,	 J.,	 Launois-	
Rollinat,	S.	H.,	Trocme,	C.,	Levy,	P.,	Joyeux-	Faure,	M.,	&	Pepin,	J.-	L.	(2016).	
Impact of effective versus sham continuous positive airway pressure on 
liver	 injury	 in	obstructive	sleep	apnoea:	Data	 from	randomized	trials.	
Respirology,	21,	378–	385.	https://doi.org/10.1111/resp.12672

https://doi.org/10.3389/fphys.2014.00418
https://doi.org/10.1109/TNSRE.2019.2942398
https://doi.org/10.1530/EJE-19-0976
https://doi.org/10.1007/s11695-007-9147-6
https://doi.org/10.3389/fnint.2016.00002
https://doi.org/10.3389/fnint.2016.00002
https://doi.org/10.1016/j.jacc.2013.05.045
https://doi.org/10.1046/j.1365-2796.2000.00683.x
https://doi.org/10.1046/j.1365-2796.2000.00683.x
https://doi.org/10.1111/jsr.12770
https://doi.org/10.1111/jsr.12770
https://doi.org/10.1152/jappl.1992.72.5.1978
https://doi.org/10.1152/jappl.1992.72.5.1978
https://doi.org/10.1161/01.HYP.19.6.555
https://doi.org/10.1161/01.HYP.19.6.555
https://doi.org/10.1161/HYPERTENSIONAHA.118.11695
https://doi.org/10.1093/sleep/zsw074
https://doi.org/10.1093/sleep/zsw074
https://doi.org/10.1165/rcmb.2016-0243OC
https://doi.org/10.1111/resp.13372
https://doi.org/10.1111/j.1572-0241.2003.07659.x
https://doi.org/10.1111/j.1572-0241.2003.07659.x
https://doi.org/10.1159/000077423
https://doi.org/10.1159/000077423
https://doi.org/10.1016/j.cmet.2012.04.019
https://doi.org/10.1016/j.cmet.2012.04.019
https://doi.org/10.1164/ajrccm.165.5.2103001
https://doi.org/10.1164/ajrccm.165.5.2103001
https://doi.org/10.1378/chest.118.3.580
https://doi.org/10.1007/s11325-018-1625-7
https://doi.org/10.1007/s11325-018-1625-7
https://doi.org/10.1159/000338117
https://doi.org/10.1159/000338117
https://doi.org/10.1111/resp.12672


    |  13 of 16ALMENDROS Et AL.

Karkinski,	D.,	Georgievski,	O.,	Dzekova-	Vidimliski,	 P.,	Milenkovic,	 T.,	&	
Dokic,	D.	(2017).	Obstructive	sleep	apnea	and	lipid	abnormalities.	
Open Access Macedonian Journal of Medical Sciences,	5,	19.	https://
doi.org/10.3889/oamjms.2017.011

Kent,	B.	D.,	Grote,	L.,	Bonsignore,	M.	R.,	Saaresranta,	T.,	Verbraecken,	
J.,	 Levy,	 P.,	 Sliwinski,	 P.,	 Tkacova,	 R.,	 Kvamme,	 J.-	A.,	 Fietze,	 I.,	
Hedner,	J.,	&	McNicholas,	W.	T.	(2014).	Sleep	apnoea	severity	inde-
pendently predicts glycaemic health in nondiabetic subjects: The 
ESADA	study.	European Respiratory Journal,	44,	130–	139.	https://
doi.org/10.1183/09031	936.00162713

Kim,	D.,	 Ahmed,	A.,	 &	Kushida,	 C.	 (2018).	 Continuous	 positive	 airway	
pressure therapy on nonalcoholic fatty liver disease in patients 
with obstructive sleep apnea. Journal of Clinical Sleep Medicine,	14,	
1315–	1322.	https://doi.org/10.5664/jcsm.7262

Ko,	C.-	Y.,	Liu,	Q.-	Q.,	Su,	H.-	Z.,	Zhang,	H.-	P.,	Fan,	 J.-	M.,	Yang,	 J.-	H.,	Hu,	
A.-	K.,	 Liu,	 Y.-	Q.,	 Chou,	 D.,	 &	 Zeng,	 Y.-	M.	 (2019).	 Gut	 microbiota	
in	 obstructive	 sleep	 apnea–	hypopnea	 syndrome:	Disease-	related	
dysbiosis and metabolic comorbidities. Clinical Science,	133,	905–	
917.	https://doi.org/10.1042/CS201	80891

Kohler,	 M.,	 &	 Stradling,	 J.	 R.	 (2016).	 Does	 continuous	 positive	 air-
way	 pressure	 therapy	 improve	 non-	alcoholic	 fatty	 liver	 disease?	
Respirology,	21,	209–	210.	https://doi.org/10.1111/resp.12720

Lajoie,	 A.	 C.,	 Lafontaine,	 A.-	L.,	 Kimoff,	 R.	 J.,	 &	 Kaminska,	 M.	 (2020).	
Obstructive sleep apnea in neurodegenerative disorders: Current 
evidence in support of benefit from sleep apnea treatment. Journal 
of Clinical Medicine,	9,	297.	https://doi.org/10.3390/jcm90	20297

Lecomte,	A.,	Barateau,	L.,	Pereira,	P.,	Paulin,	L.,	Auvinen,	P.,	Scheperjans,	
F.,	 &	 Dauvilliers,	 Y.	 (2020).	 Gut	 microbiota	 composition	 is	 as-
sociated with narcolepsy type 1. Neurology -  Neuroimmunology 
Neuroinflammation,	 7,	 e896.	 https://doi.org/10.1212/NXI.00000	
00000	000896

Li,	G.,	Xie,	C.,	Lu,	S.,	Nichols,	R.	G.,	Tian,	Y.,	Li,	L.,	Patel,	D.,	Ma,	Y.,	Brocker,	
C.	N.,	Yan,	T.,	Krausz,	K.	W.,	Xiang,	R.,	Gavrilova,	O.,	Patterson,	A.	
D.,	&	Gonzalez,	F.	J.	(2017).	Intermittent	fasting	promotes	white	ad-
ipose browning and decreases obesity by shaping the gut microbi-
ota. Cell Metabolism,	26,	672–	685.

Li,	 J.,	 Thorne,	 L.	N.,	Punjabi,	N.	M.,	 Sun,	C.-	K.,	 Schwartz,	A.	R.,	 Smith,	
P.	 L.,	Marino,	R.	 L.,	 Rodriguez,	A.,	Hubbard,	W.	C.,	O'Donnell,	C.	
P.,	&	Polotsky,	V.	Y.	(2005).	Intermittent	hypoxia	induces	hyperlip-
idemia in lean mice. Circulation Research,	97,	698–	706.	https://doi.
org/10.1161/01.RES.00001	83879.60089.a9

Li,	Y.,	Zhang,	B.,	Zhou,	Y.,	Wang,	D.,	Liu,	X.,	Li,	L.,	Wang,	T.,	Zhang,	Y.,	
Jiang,	M.,	 Tang,	H.,	 Amsel,	 L.	 V.,	 Fan,	 F.,	 &	Hoven,	 C.	W.	 (2020).	
Gut	microbiota	 changes	 and	 their	 relationship	with	 inflammation	
in patients with acute and chronic insomnia. Nature and Science of 
Sleep,	12,	895–	905.

Liguori,	C.,	Chiaravalloti,	A.,	Sancesario,	G.,	Stefani,	A.,	Sancesario,	G.	M.,	
Mercuri,	N.	B.,	Schillaci,	O.,	&	Pierantozzi,	M.	(2016).	Cerebrospinal	
fluid	lactate	levels	and	brain	[18F]FDG	PET	hypometabolism	within	
the	default	mode	network	in	Alzheimer's	disease.	European Journal 
of Nuclear Medicine and Molecular Imaging,	43,	2040–	2049.	https://
doi.org/10.1007/s0025	9-	016-	3417-	2

Liguori,	C.,	Maestri,	M.,	Spanetta,	M.,	Placidi,	F.,	Bonanni,	E.,	Mercuri,	N.	
B.,	&	Guarnieri,	B.	(2021).	Sleep-	disordered	breathing	and	the	risk	
of	Alzheimer's	disease.	Sleep Medicine Reviews,	55,	1–	16.	https://doi.
org/10.1016/j.smrv.2020.101375

Liguori,	C.,	Mercuri,	N.	B.,	Izzi,	F.,	Romigi,	A.,	Cordella,	A.,	Sancesario,	G.,	
&	Placidi,	F.	(2017).	Obstructive	sleep	apnea	is	associated	with	early	
but	 possibly	modifiable	 Alzheimer's	 disease	 biomarkers	 changes.	
Sleep,	40,	1–	10.	https://doi.org/10.1093/sleep/	zsx011

Liguori,	C.,	Mercuri,	N.	B.,	Nuccetelli,	M.,	Izzi,	F.,	Cordella,	A.,	Bernardini,	
S.,	&	Placidi,	F.	(2019).	Obstructive	sleep	apnea	may	induce	orexin-
ergic system and cerebral β-	amyloid	metabolism	dysregulation:	 Is	
it	a	 further	proof	for	Alzheimer's	disease	risk?	Sleep Medicine,	56,	
171–	176.	https://doi.org/10.1016/j.sleep.2019.01.003

Liguori,	C.,	&	Placidi,	F.	 (2018).	 Is	 it	 time	 to	consider	obstructive	sleep	
apnea	 syndrome	 a	 risk	 factor	 for	 Alzheimer's	 disease?	 American 
Journal of Respiratory and Critical Care Medicine,	 197,	 855–	856.	
https://doi.org/10.1164/rccm.20171	0-	2105ED

Liguori,	 C.,	 Ruffini,	 R.,	Olivola,	 E.,	 Chiaravalloti,	 A.,	 Izzi,	 F.,	 Stefani,	 A.,	
Pierantozzi,	M.,	Mercuri,	N.	B.,	Modugno,	N.,	Centonze,	D.,	Schillaci,	
O.,	&	Placidi,	F.	 (2019).	Cerebral	glucose	metabolism	 in	 idiopathic	
REM	sleep	behavior	disorder	 is	different	 from	 tau-	related	and	α-	
synuclein-	related	neurodegenerative	disorders:	A	brain	[18F]FDG	
PET	study.	Parkinsonism & Related Disorders,	64,	97–	105.	https://doi.
org/10.1016/j.parkr	eldis.2019.03.017

Liguori,	C.,	Stefani,	A.,	Sancesario,	G.,	Sancesario,	G.	M.,	Marciani,	M.	G.,	
&	Pierantozzi,	M.	 (2015).	CSF	 lactate	 levels,	τ	 proteins,	 cognitive	
decline:	A	 dynamic	 relationship	 in	Alzheimer's	 disease.	 Journal of 
Neurology, Neurosurgery and Psychiatry,	 86,	 655–	659.	 https://doi.
org/10.1136/jnnp-	2014-	308577

Liu,	H.,	Zhuang,	J.,	Tang,	P.,	Li,	J.,	Xiong,	X.,	&	Deng,	H.	(2020).	The	role	of	
the gut microbiota in coronary heart disease. Current Atherosclerosis 
Reports,	22,	1–	12.	https://doi.org/10.1007/s1188	3-	020-	00892	-	2

Loffler,	K.	A.,	Heeley,	E.,	Freed,	R.,	Meng,	R.,	Bittencourt,	L.	R.,	Gonzaga	
Carvalho,	C.	C.,	Chen,	R.,	Hlavac,	M.,	Liu,	Z.,	Lorenzi-	Filho,	G.,	Luo,	
Y.,	McArdle,	N.,	Mukherjee,	S.,	Yap,	H.	S.,	Zhang,	X.,	Palmer,	L.	J.,	
Anderson,	C.	S.,	McEvoy,	R.	D.,	&	Drager,	L.	F.	(2020).	Continuous	
positive	 airway	 pressure	 treatment,	 glycemia,	 and	 diabetes	 risk	
in obstructive sleep apnea and comorbid cardiovascular disease. 
Diabetes Care,	43,	1859–	1867.	https://doi.org/10.2337/dc19-	2006

Lucking,	E.	F.,	O'Connor,	K.	M.,	Strain,	C.	R.,	Fouhy,	F.,	Bastiaanssen,	T.	F.	
S.,	Burns,	D.	P.,	Golubeva,	A.	V.,	Stanton,	C.,	Clarke,	G.,	Cryan,	J.	F.,	
&	O'Halloran,	K.	D.	 (2018).	Chronic	 intermittent	hypoxia	disrupts	
cardiorespiratory homeostasis and gut microbiota composition 
in	adult	male	guinea-	pigs.	EBioMedicine,	38,	191–	205.	https://doi.
org/10.1016/j.ebiom.2018.11.010

Malik,	J.	A.,	Masoodi,	S.	R.,	&	Shoib,	S.	(2017).	Obstructive	sleep	apnea	
in Type 2 diabetes and impact of continuous positive airway pres-
sure therapy on glycemic control. Indian Journal of Endocrinology 
and Metabolism,	 21,	 106–	112.	 https://doi.org/10.4103/223
0-	8210.196005

Manella,	G.,	Aviram,	R.,	Bolshette,	N.,	Muvkadi,	S.,	Golik,	M.,	Smith,	D.	
F.,	&	Asher,	G.	 (2020).	Hypoxia	 induces	a	time-	and	tissue-	specific	
response that elicits intertissue circadian clock misalignment. 
Proceedings of the National Academy of Sciences,	 117,	 779–	786.	
https://doi.org/10.1073/pnas.19141	12117

Marotta,	A.,	Sarno,	E.,	Del	Casale,	A.,	Pane,	M.,	Mogna,	L.,	Amoruso,	A.,	
Felis,	G.	E.,	&	Fiorio,	M.	 (2019).	Effects	of	probiotics	on	cognitive	
reactivity,	mood,	and	sleep	quality.	Frontiers in Psychiatry,	10,	1–	11.	
https://doi.org/10.3389/fpsyt.2019.00164

Mashaqi,	S.,	&	Gozal,	D.	(2020).	“Circadian	misalignment	and	the	gut	mi-
crobiome.	A	bidirectional	relationship	triggering	inflammation	and	
metabolic	 disorders”-	a	 literature	 review.	 Sleep Medicine,	 72,	 93–	
108. https://doi.org/10.1016/j.sleep.2020.03.020

Mirrakhimov,	 A.	 E.,	 &	 Polotsky,	 V.	 Y.	 (2012).	 Obstructive	 sleep	 apnea	
and	 non-	alcoholic	 Fatty	 liver	 disease:	 Is	 the	 liver	 another	 tar-
get?	 Frontiers in Neurology,	 17(3),	 149.	 https://doi.org/10.3389/
fneur.2012.00149

Montesi,	 L.,	Mazzotti,	A.,	Moscatiello,	 S.,	 Forlani,	G.,	&	Marchesini,	G.	
(2013).	 Insulin	 resistance:	 Mechanism	 and	 implications	 for	 car-
cinogenesis	 and	 hepatocellular	 carcinoma	 in	 NASH.	 Hepatology 
International,	7(Suppl	 2),	 814–	822.	 https://doi.org/10.1007/s1207	
2-	013-	9451-	2

Moreno-	Indias,	 I.,	 Torres,	 M.,	 Montserrat,	 J.	 M.,	 Sanchez-	Alcoholado,	
L.,	Cardona,	F.,	Tinahones,	F.	J.,	Gozal,	D.,	Poroyko,	V.	A.,	Navajas,	
D.,	Queipo-	Ortuño,	M.	I.,	&	Farré,	R.	 (2015).	 Intermittent	hypoxia	
alters gut microbiota diversity in a mouse model of sleep ap-
noea. European Respiratory Journal,	 45,	 1055–	1065.	 https://doi.
org/10.1183/09031	936.00184314

https://doi.org/10.3889/oamjms.2017.011
https://doi.org/10.3889/oamjms.2017.011
https://doi.org/10.1183/09031936.00162713
https://doi.org/10.1183/09031936.00162713
https://doi.org/10.5664/jcsm.7262
https://doi.org/10.1042/CS20180891
https://doi.org/10.1111/resp.12720
https://doi.org/10.3390/jcm9020297
https://doi.org/10.1212/NXI.0000000000000896
https://doi.org/10.1212/NXI.0000000000000896
https://doi.org/10.1161/01.RES.0000183879.60089.a9
https://doi.org/10.1161/01.RES.0000183879.60089.a9
https://doi.org/10.1007/s00259-016-3417-2
https://doi.org/10.1007/s00259-016-3417-2
https://doi.org/10.1016/j.smrv.2020.101375
https://doi.org/10.1016/j.smrv.2020.101375
https://doi.org/10.1093/sleep/zsx011
https://doi.org/10.1016/j.sleep.2019.01.003
https://doi.org/10.1164/rccm.201710-2105ED
https://doi.org/10.1016/j.parkreldis.2019.03.017
https://doi.org/10.1016/j.parkreldis.2019.03.017
https://doi.org/10.1136/jnnp-2014-308577
https://doi.org/10.1136/jnnp-2014-308577
https://doi.org/10.1007/s11883-020-00892-2
https://doi.org/10.2337/dc19-2006
https://doi.org/10.1016/j.ebiom.2018.11.010
https://doi.org/10.1016/j.ebiom.2018.11.010
https://doi.org/10.4103/2230-8210.196005
https://doi.org/10.4103/2230-8210.196005
https://doi.org/10.1073/pnas.1914112117
https://doi.org/10.3389/fpsyt.2019.00164
https://doi.org/10.1016/j.sleep.2020.03.020
https://doi.org/10.3389/fneur.2012.00149
https://doi.org/10.3389/fneur.2012.00149
https://doi.org/10.1007/s12072-013-9451-2
https://doi.org/10.1007/s12072-013-9451-2
https://doi.org/10.1183/09031936.00184314
https://doi.org/10.1183/09031936.00184314


14 of 16  |     ALMENDROS Et AL.

Moreno-	Indias,	 I.,	 Torres,	 M.,	 Sanchez-	Alcoholado,	 L.,	 Cardona,	 F.,	
Almendros,	I.,	Gozal,	D.,	Montserrat,	J.	M.,	Queipo-	Ortuño,	M.	I.,	&	
Farré,	R.	(2016).	Normoxic	recovery	mimicking	treatment	of	sleep	
apnea	does	not	reverse	intermittent	hypoxia-	induced	bacterial	dys-
biosis	 and	 low-	grade	 endotoxemia	 in	mice.	Sleep,	39,	 1891–	1897.	
https://doi.org/10.5665/sleep.6176

Muraki,	I.,	Wada,	H.,	&	Tanigawa,	T.	(2018).	Sleep	apnea	and	type	2	di-
abetes. Journal of Diabetes Investigation,	 9,	 991–	997.	 https://doi.
org/10.1111/jdi.12823

Murphy,	 A.	M.,	 Thomas,	 A.,	 Crinion,	 S.	 J.,	 Kent,	 B.	D.,	 Tambuwala,	M.	
M.,	 Fabre,	 A.,	 Pepin,	 J.-	L.,	 Roche,	 H.	 M.,	 Arnaud,	 C.,	 &	 Ryan,	 S.	
(2017).	Intermittent	hypoxia	in	obstructive	sleep	apnoea	mediates	
insulin resistance through adipose tissue inflammation. European 
Respiratory Journal,	 49,	 1601731.	 https://doi.org/10.1183/13993	
003.01731	-	2016

Nadeem,	 R.,	 Singh,	 M.,	 Nida,	 M.,	 Kwon,	 S.,	 Sajid,	 H.,	 Witkowski,	 J.,	
Pahomov,	E.,	Shah,	K.,	Park,	W.,	&	Champeau,	D.	(2014).	Effect	of	
CPAP	treatment	for	obstructive	sleep	apnea	hypopnea	syndrome	
on	lipid	profile:	A	meta-	regression	analysis.	Journal of Clinical Sleep 
Medicine,	10,	1295–	1302.	https://doi.org/10.5664/jcsm.4282

Nagayoshi,	M.,	Punjabi,	N.	M.,	Selvin,	E.,	Pankow,	J.	S.,	Shahar,	E.,	Iso,	H.,	
Folsom,	A.	R.,	&	Lutsey,	P.	L.	(2016).	Obstructive	sleep	apnea	and	
incident type 2 diabetes. Sleep Medicine,	25,	156–	161.	https://doi.
org/10.1016/j.sleep.2016.05.009

Narkiewicz,	K.,	Van	De	Borne,	P.	J.	H.,	Pesek,	C.	A.,	Dyken,	M.	E.,	Montano,	
N.,	 &	 Somers,	 V.	 K.	 (1999).	 Selective	 potentiation	 of	 peripheral	
chemoreflex	sensitivity	in	obstructive	sleep	apnea.	Circulation,	99,	
1183–	1189.	https://doi.org/10.1161/01.CIR.99.9.1183

Naylor,	 E.,	 Aillon,	 D.	 V.,	 Barrett,	 B.	 S.,	 Wilson,	 G.	 S.,	 Johnson,	 D.	 A.,	
Johnson,	D.	A.,	Harmon,	H.	P.,	Gabbert,	S.,	&	Petillo,	P.	A.	(2012).	
Lactate	as	a	biomarker	for	sleep.	Sleep,	35,	1209–	1222.	https://doi.
org/10.5665/sleep.2072

Ng,	S.	S.	S.,	Wong,	V.	W.	S.,	Wong,	G.	L.	H.,	Chu,	W.	C.	W.,	Chan,	T.-	O.,	To,	
K.-	W.,	Ko,	F.	W.	S.,	Chan,	K.-	P.,	&	Hui,	D.	S.	(2021).	Continuous	pos-
itive airway pressure does not improve nonalcoholic fatty liver dis-
ease	in	patients	with	obstructive	sleep	apnea.	A	randomized	clinical	
trial. American Journal of Respiratory and Critical Care Medicine,	203,	
493–	501.	https://doi.org/10.1164/rccm.20200	5-	1868OC

Nishida,	K.,	Sawada,	D.,	Kawai,	T.,	Kuwano,	Y.,	Fujiwara,	S.,	&	Rokutan,	
K.	 (2017).	Parapsychobiotic	Lactobacillus	gasseri	CP2305	amelio-
rates	stress-	related	symptoms	and	sleep	quality.	Journal of Applied 
Microbiology,	123,	1561–	1570.

Nobili,	 V.,	 Alisi,	 A.,	 Cutrera,	 R.,	 Carpino,	 G.,	 De	 Stefanis,	 C.,	 D'Oria,	
V.,	 De	 Vito,	 R.,	 Cucchiara,	 S.,	 Gaudio,	 E.,	 &	 Musso,	 G.	 (2015).	
Altered	 gut-	liver	 axis	 and	 hepatic	 adiponectin	 expression	 in	
OSAS:	novel	mediators	of	liver	injury	in	paediatric	non-	alcoholic	
fatty liver. Thorax,	 70,	 769–	781.	 https://doi.org/10.1136/thora	
xjnl-	2015-	206782

O'Connor,	K.	M.,	Lucking,	E.	F.,	Cryan,	J.	F.,	&	O'Halloran,	K.	D.	(2020).	
Bugs,	breathing	and	blood	pressure:	Microbiota–	gut–	brain	axis	sig-
nalling in cardiorespiratory control in health and disease. Journal 
of Physiology,	598,	4159–	4179.	https://doi.org/10.1113/JP280279

Ogawa,	Y.,	Miyoshi,	C.,	Obana,	N.,	Yajima,	K.,	Hotta-	Hirashima,	N.,	Ikkyu,	
A.,	Kanno,	S.,	Soga,	T.,	Fukuda,	S.,	&	Yanagisawa,	M.	(2020).	Gut	mi-
crobiota depletion by chronic antibiotic treatment alters the sleep/
wake	architecture	and	sleep	EEG	power	spectra	in	mice.	Scientific 
Reports,	10,	1–	11.	https://doi.org/10.1038/s4159	8-	020-	76562	-	9

Olea,	E.,	Agapito,	M.	T.,	Gallego-	Martin,	T.,	Rocher,	A.,	Gomez-	Niño,	A.,	
Obeso,	A.,	Gonzalez,	C.,	&	Yubero,	S.	(2014).	Intermittent	hypoxia	
and	diet-	induced	obesity:	Effects	on	oxidative	status,	sympathetic	
tone,	plasma	glucose	and	insulin	levels,	and	arterial	pressure.	Journal 
of Applied Physiology,	117,	 706–	719.	 https://doi.org/10.1152/jappl	
physi	ol.00454.2014

Pallayova,	M.,	Lazurova,	I.,	&	Donic,	V.	(2011).	Hypoxic	damage	to	pancre-
atic beta cells– the hidden link between sleep apnea and diabetes. 

Medical Hypotheses,	 77,	 930–	934.	 https://doi.org/10.1016/j.
mehy.2011.08.016

Pamidi,	S.,	Wroblewski,	K.,	Broussard,	J.,	Day,	A.,	Hanlon,	E.	C.,	Abraham,	
V.,	&	Tasali,	E.	(2012).	Obstructive	sleep	apnea	in	young	lean	men:	
Impact on insulin sensitivity and secretion. Diabetes Care,	35,	2384–	
2389.	https://doi.org/10.2337/dc12-	0841

Peng,	 Y.-	J.,	 Nanduri,	 J.,	 Yuan,	 G.,	Wang,	 N.,	 Deneris,	 E.,	 Pendyala,	 S.,	
Natarajan,	 V.,	 Kumar,	 G.	 K.,	 &	 Prabhakar,	 N.	 R.	 (2009).	 NADPH	
oxidase	 is	 required	 for	 the	 sensory	plasticity	of	 the	carotid	body	
by	chronic	intermittent	hypoxia.	Journal of Neuroscience,	29,	4903–	
4910.	https://doi.org/10.1523/JNEUR	OSCI.4768-	08.2009

Peng,	 Y.-	J.,	Overholt,	 J.	 L.,	 Kline,	D.,	 Kumar,	G.	 K.,	 &	 Prabhakar,	N.	 R.	
(2003).	 Induction	 of	 sensory	 long-	term	 facilitation	 in	 the	 carotid	
body	 by	 intermittent	 hypoxia:	 Implications	 for	 recurrent	 apneas.	
Proceedings of the National Academy of Sciences,	100,	10073–	10078.	
https://doi.org/10.1073/pnas.17341	09100

Pierard,	M.,	 Tassin,	A.,	Conotte,	 S.,	 Zouaoui	Boudjeltia,	K.,	&	 Legrand,	
A.	 (2019).	 Sustained	 intermittent	 hypoxemia	 induces	 adiponectin	
oligomers	 redistribution	 and	 a	 tissue-	specific	 modulation	 of	 adi-
ponectin receptor in mice. Frontiers in Physiology,	10,	 68.	https://
doi.org/10.3389/fphys.2019.00068

Polotsky,	V.	Y.,	Patil,	S.	P.,	Savransky,	V.,	Laffan,	A.,	Fonti,	S.,	Frame,	L.	
A.,	Steele,	K.	E.,	Schweizter,	M.	A.,	Clark,	J.	M.,	Torbenson,	M.	S.,	
&	 Schwartz,	 A.	 R.	 (2009).	Obstructive	 sleep	 apnea,	 insulin	 resis-
tance,	 and	 steatohepatitis	 in	 severe	 obesity.	American Journal of 
Respiratory and Critical Care Medicine,	 179,	 228–	234.	 https://doi.
org/10.1164/rccm.20080	4-	608OC

Poroyko,	V.	A.,	Carreras,	A.,	Khalyfa,	A.,	Khalyfa,	A.	A.,	Leone,	V.,	Peris,	
E.,	Almendros,	 I.,	Gileles-	Hillel,	A.,	Qiao,	Z.,	Hubert,	N.,	Farré,	R.,	
Chang,	E.	B.,	&	Gozal,	D.	(2016).	Chronic	sleep	disruption	alters	gut	
microbiota,	induces	systemic	and	adipose	tissue	inflammation	and	
insulin resistance in mice. Scientific Reports,	 6,	 1–	11.	 https://doi.
org/10.1038/srep3	5405

Prabhakar,	N.	R.,	Dick,	T.	E.,	Nanduri,	J.,	&	Kumar,	G.	K.	(2007).	Systemic,	
cellular	and	molecular	analysis	of	chemoreflex-	mediated	sympatho-
excitation	by	chronic	intermittent	hypoxia.	Experimental Physiology,	
92,	39–	44.	https://doi.org/10.1113/expph	ysiol.2006.036434

Prabhakar,	N.	 R.,	 Peng,	 Y.	 J.,	 Jacono,	 F.	 J.,	 Kumar,	 G.	 K.,	 &	Dick,	 T.	 E.	
(2005).	 Cardiovascular	 alterations	 by	 chronic	 intermittent	 hy-
poxia:	 Importance	 of	 carotid	 body	 chemoreflexes.	 Clinical and 
Experimental Pharmacology and Physiology,	32,	447–	449.	https://doi.
org/10.1111/j.1440-	1681.2005.04209.x

Punjabi,	N.	M.,	&	Beamer,	B.	A.	 (2009).	Alterations	 in	glucose	disposal	
in	sleep-	disordered	breathing.	American Journal of Respiratory and 
Critical Care Medicine,	 179,	 235–	240.	 https://doi.org/10.1164/
rccm.20080	9-	1392OC

Punjabi,	 N.	 M.,	 Shahar,	 E.,	 Redline,	 S.,	 Gottlieb,	 D.	 J.,	 Givelber,	 R.,	 &	
Resnick,	 H.	 E.	 (2004).	 Sleep-	disordered	 breathing,	 glucose	 in-
tolerance,	 and	 insulin	 resistance:	 The	 Sleep	 Heart	 Health	 Study.	
American Journal of Epidemiology,	 160,	 521–	530.	 https://doi.
org/10.1093/aje/kwh261

Qi,	J.	C.,	Huang,	J.	C.,	Lin,	Q.	C.,	Zhao,	J.	M.,	Lin,	X.,	Chen,	L.	D.,	Huang,	
J.	 F.,	 &	 Chen,	 X.	 (2016).	 Relationship	 between	 obstructive	 sleep	
apnea and nonalcoholic fatty liver disease in nonobese adults. 
Sleep & Breathing,	 20,	 529–	35.	 https://doi.org/10.1007/s1132	
5-	015-	1232-	9

Reichmuth,	K.	J.,	Austin,	D.,	Skatrud,	J.	B.,	&	Young,	T.	(2005).	Association	
of	 sleep	 apnea	 and	 type	 II	 diabetes:	 A	 population-	based	 study.	
American Journal of Respiratory and Critical Care Medicine,	 172,	
1590–	1595.	https://doi.org/10.1164/rccm.20050	4-	637OC

Reinke,	C.,	Bevans-	Fonti,	S.,	Drager,	L.	F.,	Shin,	M.-	K.,	&	Polotsky,	V.	
Y.	 (2011).	 Effects	 of	 different	 acute	 hypoxic	 regimens	 on	 tis-
sue	oxygen	profiles	and	metabolic	outcomes.	Journal of Applied 
Physiology,	 111,	 881–	890.	 https://doi.org/10.1152/jappl	physi	
ol.00492.2011

https://doi.org/10.5665/sleep.6176
https://doi.org/10.1111/jdi.12823
https://doi.org/10.1111/jdi.12823
https://doi.org/10.1183/13993003.01731-2016
https://doi.org/10.1183/13993003.01731-2016
https://doi.org/10.5664/jcsm.4282
https://doi.org/10.1016/j.sleep.2016.05.009
https://doi.org/10.1016/j.sleep.2016.05.009
https://doi.org/10.1161/01.CIR.99.9.1183
https://doi.org/10.5665/sleep.2072
https://doi.org/10.5665/sleep.2072
https://doi.org/10.1164/rccm.202005-1868OC
https://doi.org/10.1136/thoraxjnl-2015-206782
https://doi.org/10.1136/thoraxjnl-2015-206782
https://doi.org/10.1113/JP280279
https://doi.org/10.1038/s41598-020-76562-9
https://doi.org/10.1152/japplphysiol.00454.2014
https://doi.org/10.1152/japplphysiol.00454.2014
https://doi.org/10.1016/j.mehy.2011.08.016
https://doi.org/10.1016/j.mehy.2011.08.016
https://doi.org/10.2337/dc12-0841
https://doi.org/10.1523/JNEUROSCI.4768-08.2009
https://doi.org/10.1073/pnas.1734109100
https://doi.org/10.3389/fphys.2019.00068
https://doi.org/10.3389/fphys.2019.00068
https://doi.org/10.1164/rccm.200804-608OC
https://doi.org/10.1164/rccm.200804-608OC
https://doi.org/10.1038/srep35405
https://doi.org/10.1038/srep35405
https://doi.org/10.1113/expphysiol.2006.036434
https://doi.org/10.1111/j.1440-1681.2005.04209.x
https://doi.org/10.1111/j.1440-1681.2005.04209.x
https://doi.org/10.1164/rccm.200809-1392OC
https://doi.org/10.1164/rccm.200809-1392OC
https://doi.org/10.1093/aje/kwh261
https://doi.org/10.1093/aje/kwh261
https://doi.org/10.1007/s11325-015-1232-9
https://doi.org/10.1007/s11325-015-1232-9
https://doi.org/10.1164/rccm.200504-637OC
https://doi.org/10.1152/japplphysiol.00492.2011
https://doi.org/10.1152/japplphysiol.00492.2011


    |  15 of 16ALMENDROS Et AL.

Rey,	 S.,	 Rio,	 R.	 D.,	 Alcayaga,	 J.,	 &	 Iturriaga,	 R.	 (2004).	 Chronic	 inter-
mittent	 hypoxia	 enhances	 cat	 chemosensory	 and	 ventilatory	 re-
sponses	 to	 hypoxia.	 Journal of Physiology,	560,	 577–	586.	 https://
doi.org/10.1113/jphys iol.2004.072033

Ribeiro,	M.	J.,	Sacramento,	J.	F.,	Gallego-	Martin,	T.,	Olea,	E.,	Melo,	B.	F.,	
Guarino,	M.	P.,	Yubero,	S.,	Obeso,	A.,	&	Conde,	S.	V.	 (2018).	High	
fat diet blunts the effects of leptin on ventilation and on carotid 
body activity. Journal of Physiology,	 596,	 3187–	3199.	 https://doi.
org/10.1113/JP275362

Ribeiro,	M.	J.,	Sacramento,	J.	F.,	Gonzalez,	C.,	Guarino,	M.	P.,	Monteiro,	
E.	C.,	&	Conde,	S.	V.	(2013).	Carotid	body	denervation	prevents	the	
development of insulin resistance and hypertension induced by hy-
percaloric diets. Diabetes,	62,	2905–	2916.	https://doi.org/10.2337/
db12-	1463

Ryan,	S.,	Arnaud,	C.,	Fitzpatrick,	S.	F.,	Gaucher,	J.,	Tamisier,	R.,	&	Pépin,	
J.-	L.	 (2019).	 Adipose	 tissue	 as	 a	 key	 player	 in	 obstructive	 sleep	
apnoea. European Respiratory Reviews,	 28,	 190006.	 https://doi.
org/10.1183/16000	617.0006-	2019

Sacramento,	 J.	 F.,	 Andrzejewski,	 K.,	Melo,	 B.	 F.,	 Ribeiro,	M.	 J.,	Obeso,	
A.,	 &	Conde,	 S.	 V.	 (2020).	 Exploring	 the	mediators	 that	 promote	
carotid body dysfunction in type 2 diabetes and obesity related 
syndromes. International Journal of Molecular Sciences,	 21,	 5545.	
https://doi.org/10.3390/ijms2	1155545

Sacramento,	 J.	 F.,	 Chew,	 D.	 J.,	 Melo,	 B.	 F.,	 Donegá,	 M.,	 Dopson,	W.,	
Guarino,	M.	 P.,	 Robinson,	 A.,	 Prieto-	Lloret,	 J.,	 Patel,	 S.,	 Holinski,	
B.	 J.,	 Ramnarain,	 N.,	 Pikov,	 V.,	 Famm,	 K.,	 &	 Conde,	 S.	 V.	 (2018).	
Bioelectronic	modulation	of	carotid	sinus	nerve	activity	in	the	rat:	
A	potential	therapeutic	approach	for	type	2	diabetes.	Diabetologia,	
61,	700–	710.	https://doi.org/10.1007/s0012	5-	017-	4533-	7

Sacramento,	J.	F.,	Ribeiro,	M.	J.,	Rodrigues,	T.,	Guarino,	M.	P.,	Diogo,	L.	
N.,	Seiça,	R.,	Monteiro,	E.	C.,	Matafome,	P.,	&	Conde,	S.	V.	(2016).	
Insulin	 resistance	 is	 associated	 with	 tissue-	specific	 regulation	
of	 HIF-	1α	 and	 HIF-	2α	 during	 mild	 chronic	 intermittent	 hypoxia.	
Respiratory Physiology & Neurobiology,	 228,	 30–	38.	 https://doi.
org/10.1016/j.resp.2016.03.007

Sacramento,	 J.	 F.,	 Ribeiro,	 M.	 J.,	 Rodrigues,	 T.,	 Olea,	 E.,	 Melo,	 B.	 F.,	
Guarino,	M.	P.,	Fonseca-	Pinto,	R.,	Ferreira,	C.	R.,	Coelho,	J.,	Obeso,	
A.,	Seiça,	R.,	Matafome,	P.,	&	Conde,	S.	V.	(2017).	Functional	abo-
lition of carotid body activity restores insulin action and glucose 
homeostasis	 in	 rats:	Key	 roles	 for	visceral	adipose	 tissue	and	the	
liver. Diabetologia,	 60,	 158–	168.	 https://doi.org/10.1007/s0012	
5-	016-	4133-	y

Santos,	 I.,	 de	 Sousa	 Rocha,	 I.,	 Gozal,	 D.,	 &	 e	 Cruz,	 M.	 M.	 (2020).	
Obstructive	sleep	apnea,	shift	work	and	cardiometabolic	risk.	Sleep 
Medicine,	74,	132–	140.

Savransky,	V.,	Nanayakkara,	A.,	Li,	J.,	Bevans,	S.,	Smith,	P.	L.,	Rodriguez,	
A.,	&	Polotsky,	V.	Y.	 (2007).	Chronic	 intermittent	hypoxia	 induces	
atherosclerosis. American Journal of Respiratory and Critical Care 
Medicine,	 175,	 1290–	1297.	 https://doi.org/10.1164/rccm.20061	
2-	1771OC

Seetho,	I.	W.,	Parker,	R.	J.,	Craig,	S.,	Duffy,	N.,	Hardy,	K.	J.,	&	Wilding,	J.	
P.	H.	(2014).	Obstructive	sleep	apnea	is	associated	with	increased	
arterial stiffness in severe obesity. Journal of Sleep Research,	 23,	
700–	708.	https://doi.org/10.1111/jsr.12156

Shin,	 M.-	K.,	 Yao,	 Q.,	 Jun,	 J.	 C.,	 Bevans-	Fonti,	 S.,	 Yoo,	 D.-	Y.,	 Han,	W.,	
Mesarwi,	O.,	Richardson,	R.,	Fu,	Y.-	Y.,	Pasricha,	P.	J.,	Schwartz,	A.	
R.,	Shirahata,	M.,	&	Polotsky,	V.	Y.	 (2014).	Carotid	body	denerva-
tion prevents fasting hyperglycemia during chronic intermittent 
hypoxia.	 Journal of Applied Physiology,	 117,	 765–	776.	 https://doi.
org/10.1152/jappl	physi	ol.01133.2013

Shiota,	 S.,	 Takekawa,	 H.,	 Matsumoto,	 S.-	E.,	 Takeda,	 K.,	 Nurwidya,	 F.,	
Yoshioka,	 Y.,	 Takahashi,	 F.,	 Hattori,	 N.,	 Tabira,	 T.,	 Mochizuki,	 H.,	
&	 Takahashi,	 K.	 (2013).	 Chronic	 intermittent	 hypoxia/reoxygen-
ation	facilitate	amyloid-	β generation in mice. Journal of Alzheimer's 
Disease,	37,	325–	333.	https://doi.org/10.3233/JAD-	130419

Shulman,	 R.	 G.	 (2011).	 A	 philosophical	 analysis	 of	 neuroenergetics.	
Frontiers in Neuroenergetics,	 3,	 1–	7.	 https://doi.org/10.3389/
fnene.2011.00006

Simon,	B.,	Gabor,	B.,	Barta,	I.,	Paska,	C.,	Boszormenyi	Nagy,	G.,	Vizi,	E.,	
&	 Antus,	 B.	 (2020).	 Effect	 of	 5-	year	 continuous	 positive	 airway	
pressure treatment on the lipid profile of patients with obstructive 
sleep	 apnea:	A	 pilot	 study.	 Journal of Sleep Research,	29,	 e12874.	
https://doi.org/10.1111/jsr.12874

Sun,	M.,	Feng,	W.,	Wang,	F.,	Li,	P.,	Li,	Z.,	Li,	M.,	Tse,	G.,	Vlaanderen,	J.,	
Vermeulen,	R.,	&	Tse,	L.	A.	(2018).	Meta-	analysis	on	shift	work	and	
risks of specific obesity types. Obesity Reviews,	19,	28–	40.	https://
doi.org/10.1111/obr.12621

Tasali,	E.,	Mokhlesi,	B.,	&	Van	Cauter,	E.	(2008).	Obstructive	sleep	apnea	
and type 2 diabetes: Interacting epidemics. Chest,	133,	496–	506.	
https://doi.org/10.1378/chest.07-	0828

Taylor,	C.	T.,	Kent,	B.	D.,	Crinion,	S.	J.,	McNicholas,	W.	T.,	&	Ryan,	S.	(2014).	
Human	adipocytes	are	highly	sensitive	to	intermittent	hypoxia	in-
duced	 NF-	kappaB	 activity	 and	 subsequent	 inflammatory	 gene	
expression.	Biochemical and Biophysical Research Communications,	
447,	660–	665.	https://doi.org/10.1016/j.bbrc.2014.04.062

Thomas,	A.,	Belaidi,	E.,	Moulin,	S.,	Horman,	S.,	van	der	Zon,	G.	C.,	Viollet,	
B.,	Levy,	P.,	Bertrand,	L.,	Pepin,	 J.-	L.,	Godin-	Ribuot,	D.,	&	Guigas,	
B.	 (2017).	Chronic	 intermittent	hypoxia	 impairs	 insulin	 sensitivity	
but	improves	whole-	body	glucose	tolerance	by	activating	skeletal	
muscle	AMPK.	Diabetes,	66,	2942–	2951.	https://doi.org/10.2337/
db17-	0186

Thorn,	 C.	 E.,	 Knight,	 B.,	 Pastel,	 E.,	 McCulloch,	 L.	 J.,	 Patel,	 B.,	 Shore,	
A.	 C.,	 &	 Kos,	 K.	 (2017).	 Adipose	 tissue	 is	 influenced	 by	 hypoxia	
of obstructive sleep apnea syndrome independent of obesity. 
Diabetes & Metabolism,	 43,	 240–	247.	 https://doi.org/10.1016/j.
diabet.2016.12.002

Toth,	 L.	 A.,	 &	 Krueger,	 J.	 M.	 (1988).	 Alteration	 of	 sleep	 in	 rabbits	 by	
Staphylococcus aureus infection. Infection and Immunity,	56,	1785–	
1791.	https://doi.org/10.1128/IAI.56.7.1785-	1791.1988

Toth,	 L.	 A.,	 &	 Krueger,	 J.	M.	 (1989).	 Effects	 of	microbial	 challenge	 on	
sleep in rabbits. The FASEB Journal,	 3,	 2062–	2066.	 https://doi.
org/10.1096/fasebj.3.9.2663582

Toyama,	Y.,	Murase,	K.,	Azuma,	M.,	Hamada,	S.,	Tachikawa,	R.,	Kubo,	T.,	
Tanizawa,	K.,	Inouch,	M.,	Handa,	T.,	Hitomi,	T.,	Oga,	T.,	Mishima,	M.,	
&	Chin,	K.	(2014).	Impact	of	long-	term	CPAP	therapy	on	fatty	liver	
in	male	OSA	patients	with	abdominal	obesity.	European Respiratory 
Journal,	44(Suppl	58),	4661.

Trzepizur,	W.,	Le	Vaillant,	M.,	Meslier,	N.,	Pigeanne,	T.,	Masson,	P.,	Humeau,	
M.	P.,	Bizieux-	Thaminy,	A.,	Goupil,	F.,	Chollet,	S.,	Ducluzeau,	P.	H.,	
&	Gagnadoux,	F.	(2013).	Independent	association	between	noctur-
nal	intermittent	hypoxemia	and	metabolic	dyslipidemia.	Chest,	143,	
1584–	1589.	https://doi.org/10.1378/chest.12-	1652

Vgontzas,	 A.	 N.,	 Papanicolaou,	 D.	 A.,	 Bixler,	 E.	 O.,	 Hopper,	 K.,	 Lotsikas,	
A.,	Lin,	H.-	M.,	Kales,	A.,	&	Chrousos,	G.	P.	 (2000).	Sleep	apnea	and	
daytime	sleepiness	and	fatigue:	relation	to	visceral	obesity,	insulin	re-
sistance,	and	hypercytokinemia.	Journal of Clinical Endocrinology and 
Metabolism,	85,	1151–	1158.	https://doi.org/10.1210/jcem.85.3.6484

Wang,	N.,	Khan,	S.	A.,	Prabhakar,	N.	R.,	&	Nanduri,	J.	(2013).	Impairment	
of pancreatic β-	cell	 function	 by	 chronic	 intermittent	 hypoxia.	
Experimental Physiology,	 98,	 1376–	1385.	 https://doi.org/10.1113/
expph	ysiol.2013.072454

Xu,	H.,	 Yi,	H.,	Guan,	 J.,	&	Yin,	 S.	 (2014).	 Effect	 of	 continuous	positive	
airway pressure on lipid profile in patients with obstructive sleep 
apnea	syndrome:	A	meta-	analysis	of	randomized	controlled	trials.	
Atherosclerosis,	 234,	 446–	453.	 https://doi.org/10.1016/j.ather	
oscle rosis.2014.03.034

Xu,	P.	H.,	Hui,	C.	K.	M.,	Lui,	M.	M.	S.,	Lam,	D.	C.	L.,	Fong,	D.	Y.	T.,	&	Ip,	M.	
S.	M.	(2019).	Incident	type	2	diabetes	in	OSA	and	effect	of	CPAP	
treatment:	A	retrospective	clinic	cohort	study.	Chest,	156,	743–	753.	
https://doi.org/10.1016/j.chest.2019.04.130

https://doi.org/10.1113/jphysiol.2004.072033
https://doi.org/10.1113/jphysiol.2004.072033
https://doi.org/10.1113/JP275362
https://doi.org/10.1113/JP275362
https://doi.org/10.2337/db12-1463
https://doi.org/10.2337/db12-1463
https://doi.org/10.1183/16000617.0006-2019
https://doi.org/10.1183/16000617.0006-2019
https://doi.org/10.3390/ijms21155545
https://doi.org/10.1007/s00125-017-4533-7
https://doi.org/10.1016/j.resp.2016.03.007
https://doi.org/10.1016/j.resp.2016.03.007
https://doi.org/10.1007/s00125-016-4133-y
https://doi.org/10.1007/s00125-016-4133-y
https://doi.org/10.1164/rccm.200612-1771OC
https://doi.org/10.1164/rccm.200612-1771OC
https://doi.org/10.1111/jsr.12156
https://doi.org/10.1152/japplphysiol.01133.2013
https://doi.org/10.1152/japplphysiol.01133.2013
https://doi.org/10.3233/JAD-130419
https://doi.org/10.3389/fnene.2011.00006
https://doi.org/10.3389/fnene.2011.00006
https://doi.org/10.1111/jsr.12874
https://doi.org/10.1111/obr.12621
https://doi.org/10.1111/obr.12621
https://doi.org/10.1378/chest.07-0828
https://doi.org/10.1016/j.bbrc.2014.04.062
https://doi.org/10.2337/db17-0186
https://doi.org/10.2337/db17-0186
https://doi.org/10.1016/j.diabet.2016.12.002
https://doi.org/10.1016/j.diabet.2016.12.002
https://doi.org/10.1128/IAI.56.7.1785-1791.1988
https://doi.org/10.1096/fasebj.3.9.2663582
https://doi.org/10.1096/fasebj.3.9.2663582
https://doi.org/10.1378/chest.12-1652
https://doi.org/10.1210/jcem.85.3.6484
https://doi.org/10.1113/expphysiol.2013.072454
https://doi.org/10.1113/expphysiol.2013.072454
https://doi.org/10.1016/j.atherosclerosis.2014.03.034
https://doi.org/10.1016/j.atherosclerosis.2014.03.034
https://doi.org/10.1016/j.chest.2019.04.130


16 of 16  |     ALMENDROS Et AL.

Yaouhi,	K.,	Bertran,	F.,	Clochon,	P.,	Mézenge,	F.,	Denise,	P.,	Foret,	J.,	Eustache,	
F.,	&	Desgranges,	B.	(2009).	A	combined	neuropsychological	and	brain	
imaging study of obstructive sleep apnea. Journal of Sleep Research,	
18,	36–	48.	https://doi.org/10.1111/j.1365-	2869.2008.00705.x

Zielinski,	M.	R.,	Dunbrasky,	D.	L.,	Taishi,	P.,	Souza,	G.,	&	Krueger,	J.	M.	
(2013).	 Vagotomy	 attenuates	 brain	 cytokines	 and	 sleep	 induced	
by	peripherally	administered	tumor	necrosis	factor-	alpha	and	lipo-
polysaccharide in mice. Sleep,	36,	1227–	1238.

How to cite this article:	Almendros,	I.,	Basoglu,	Ö.	K.,	Conde,	
S.	V.,	Liguori,	C.,	&	Saaresranta,	T..	Metabolic	dysfunction	in	
OSA:	Is	there	something	new	under	the	sun?	Journal of Sleep 
Research,	2021;00:e13418.	https://doi.org/10.1111/jsr.13418

https://doi.org/10.1111/j.1365-2869.2008.00705.x
https://doi.org/10.1111/jsr.13418

