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ABSTRACT

Obstructive sleep apnea (OSA) is a highly prevalent sleep disorder leading to cardiovascular
and metabolic complications. OSA is also a multicomponent disorder, with intermittent
hypoxia (IH) as the main trigger for the associated cardiovascular and metabolic alterations.
Indeed, recurrent pharyngeal collapses during sleep lead to repetitive sequences of hypoxia-
reoxygenation. This TH induces several consequences such as hemodynamic, hormono-
metabolic, oxidative and immuno-inflammatory alterations that may interact and aggravate
each other, resulting in artery changes, from adaptive to degenerative atherosclerotic
remodeling. Atherosclerosis has been found in OSA patients free of other cardiovascular risk
factors, and is related to the severity of nocturnal hypoxia. Early stages of artery alteration,
including functional and structural changes, have been evidenced in both OSA patients and
rodents experimentally exposed to IH. Impaired vasoreactivity with endothelial dysfunction
and/or increased vasoconstrictive responses due to sympathetic, endothelin and renin-
angiotensin systems have been reported and also contribute to vascular remodeling and
inflammation. Oxidative stress, inflammation and vascular remodeling can be directly
triggered by IH, further aggravated by the OSA-associated hormono-metabolic alterations,
such as insulin resistance, dyslipidemia and adipokine imbalance. As shown in OSA patients
and in the animal model, genetic susceptibility, comorbidities (obesity) and life habits (high
fat diet) may aggravate atherosclerosis development or progression. The intimate molecular
mechanisms are still largely unknown, and their understanding may contribute to delineate
new targets for prevention strategies and/or development of new treatment of OSA-related
atherosclerosis, especially in patients at risk for cardiovascular disease.
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CRP

EDS

ET-1

HIF-1
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NFkB
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TNF-a
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Apnea-hypopnea index

Blood pressure

Continuous positive airway pressure

C-reactive protein

Excessive daytime sleepiness

Endothelin-1

Hypoxia inducible factor-1

Intercellular adhesion molecule-1

Intermittent hypoxia

Interleukin

Intima-media thickness

Leukotriene B4

Monocyte chemoattractant protein-1/ C-C chemokine ligand 2
Obstructive sleep apnea

Nuclear factor kappa B

Platelet endothelial cell adhesion molecule-1

Regulated upon activation, normal T cell expressed and secreted / C-C
chemokine ligand 5

Tumor necrosis factor-alpha

Vascular cell adhesion molecule-1



1. INTRODUCTION

1.1 Definition

Obstructive Sleep Apnea (OSA) is characterized by recurrent pharyngeal collapses occurring
during sleep [1]. The upper airway closure could be complete, leading to obstructive apneas
(defined by airflow cessation of at least 10 seconds with persistent thoracic and abdominal
movements), or partial, leading to hypopneas (i.e. reduction in ventilation of more than 50%
from baseline, or less than 50% with oxygen desaturation or micro-arousal). The diagnosis of
OSA is based on polysomnography. Patients are considered to suffer from OSA when they
present more than 5 respiratory events per hour of sleep (apnea-hypopnea index or AHI>5),
and symptoms, such as excessive daytime sleepiness (EDS), disruptive snoring, witnessed
apnea or gasping, obesity and/or enlarged neck size. Other signs and symptoms include male
gender, increased blood pressure, morning headache and sexual dysfunction [2]. OSA
pathophysiology is complex resulting from reduction in pharyngeal dimensions owing to
anatomical and functional alterations, such as obesity or maxillo-facial structural changes |3,
4], increased pharyngeal collapsibility due to reduced neuromuscular compensation and
pharyngeal protective reflex during sleep [5]. Repeated obstructive events during sleep lead to
intermittent hypoxia (IH), sleep fragmentation [1] and increased respiratory efforts (figure 1).
These stimuli are presumably responsible for numerous consequences, including
cardiovascular and metabolic complications, and the underlying mechanisms are currently
under investigation [6].

OSA is a pathology as frequent as asthma, affecting 5 to 20% of the general population,
increasing linearly up to 60 years old and becoming more variable above this threshold value
[7, 8]. Regarding OSA morbidity, there is substantial evidence for a causal relationship
between OSA and excessive daytime sleepiness leading to increased risk of traffic accidents

[9, 10]. In addition, OSA is linked to cardiovascular morbidity and mortality [11, 12], with a



higher risk of fatal and non fatal cardiovascular events [11], and OSA represents an

independent risk factor for death from any cause [13].

1.3 OSA, cardiovascular risk and atherosclerosis

OSA is now recognized as a risk factor for cardiovascular morbidity, leading to hypertension,
coronary heart disease, arrhythmias and stroke [14]. The eighteen-year follow-up of the
Wisconsin sleep cohort has showed that untreated severe OSA patients are five times more
likely to die from cardiovascular causes [15]. OSA leads to early atherosclerosis, as evidenced
by increased intima-media thickness (IMT) and atherosclerotic plaque occurrence in carotid
arteries, in the absence of significant co-morbidity [16-18]. The severity of nocturnal oxygen
desaturation and blood pressure levels seem to be the best predictors for carotid wall
hypertrophy in OSA patients, whereas plaques occurrence may be preferentially related to
oxygen desaturation [16]. Very recently, coronary atherosclerotic volume has been found
increased in OSA patients, with a positive correlation between obstructive AHI and
atherosclerotic plaque volume [19]. This strong association between OSA and cardiovascular
disease has been recently highlighted by both the American Heart Association and the
American College of Cardiology [2, 14] that also acknowledged that the pathophysiological

mechanisms are still poorly understood.

1.4 Current available treatment

The main treatments of OSA include weight loss, positional treatment, mandibular
advancement and application of a positive pressure through a nasal or facial mask during
sleep (CPAP)[20]. CPAP is the recommended treatment in moderate to severe OSA since its
effectiveness on sleepiness [21] and daytime function [22] as well as on the cardiovascular

morbidity have been firmly established on randomized control trials [12] [23] and large



observational studies [24]. In addition, there is good evidence that CPAP ameliorates several
mechanisms involved in the genesis of atherosclerosis, including sympathetic activity,
endothelial and vascular dysfunction, systemic inflammation and oxidative stress[6, 25]. A
low effective long-term compliance is classically reported [26]. However, CPAP compliance
is amazingly higher than most of chronic treatments adherence, particularly in Europe [26-
28]. This is essentially related to the perceived clinical benefit, such as improvement in
daytime functioning (e.g. reduction in EDS) and life quality. It should be kept in mind,
however, that CPAP does not completely reverse all OSA related consequences. The
reduction in BP during CPAP is of limited magnitude (i.e. mean 24-hour BP diminished by
less than 3 mmHg) which suggests either persistent lesions at the vascular level or additional
factors or comorbidities that are not affected by treating Sleep Disordered Breathing. Obese
subjects, for instance, seem to have limited benefits from CPAP treatment regarding

metabolic changes [29-31].

1.5 Experimental models of OSA

In order to improve the understanding of the pathophysiological link between OSA and
cardiovascular disease, several experimental models have been developed for the last 15
years. We have extensively described these models in a recent review [32]. Experimental
models have permitted to evaluate each component of the human disease, without unknown
and/or confounding factors (disease duration, chronology of events, variable contribution of
the different OSA-components, genetic and environmental factors). Some animal models have
attempted to reproduce repeated upper airway obstructions [33-35]. However, based on the
hypothesis that IH is likely the most important component of OSA with respect to the
cardiovascular system, most experimental research in this field have used the animal models

of IH where animals intermittently breath air with low oxygen concentration [36-38]. Cellular



models were also developed to study IH-related signaling alterations through different cell
lines exposed to IH [39-41]. More specifically, different cell types involved in atherosclerosis
were studied (i.e. endothelial cells, monocytes, lymphocytes). The major technical difficulty
in the IH model, especially the in vitro IH model, is to reproduce the rapid cyclic changes in
oxygen concentration, as occurring in OSA patients. Notwithstanding this technical
limitation, animal and cellular models have largely contributed to characterize the role of IH
on OSA-related cardiovascular consequences, therefore contributing to the development of
alternative or complementary therapeutic strategies to CPAP, especially in patients at risk to

develop cardiovascular complications.

In this review, using both clinical and experimental findings, we will dissect the mechanisms

potentially involved in OSA-related atherosclerosis.

2. CHRONOLOGY OF ATHEROSCLEROSIS DEVELOPMENT

Atherosclerosis is characterized by arterial lesions containing cholesterol, immune infiltrates,
and fibrosis [42, 43]. Furthermore, development of atherosclerotic lesions results from a
dynamic interplay between native cells of the vasculature and leukocytes issued from the
general circulation.

Atherosclerosis i1s known to be initiated principally at the sites of endothelial dysfunction by
retention, accumulation and oxidation of lipoproteins in the arterial wall. Local endothelial
cell activation results in leukocytes and activated platelets adhesion to the endothelium,
associated with the entry of small-dense LDL-cholesterol into the vascular intima. The
subsequent oxidation of these LDL-cholesterol particles leads to the expression and release
from endothelial cells of pro-inflammatory factors, such as cytokines, chemokines and

adhesion molecules. Circulating monocytes adhere to the endothelium and migrate into the



sub-endothelial space where they uptake cholesterol and become cholesterol-laden foam cells
to form fatty streak within the intima. These cells exhibit a pro-inflammatory phenotype and
contribute to the evolution of the lesion. Immune cells are recruited in the vascular wall and
continuously release pro-inflammatory cytokines, chemokines and growth factors that cause
proliferation and migration of smooth muscle cells from the media to the intima, as well as
recruitment of new immuno-inflammatory cells from the blood circulation. Smooth muscle
cells secrete extra-cellular matrix components within the intima. This leads to collagen and
proteoglycans accumulation, initiating fibrous cap formation, a major element in plaque
maturation and stabilization. Over time, immuno-inflammatory cells secrete and activate local
matrix metallo-proteinases, leading to thinner fibrous cap and increased vulnerability of the
plaque. The atherosclerotic plaque can be therefore considered as a final stage of artery
remodeling, leading to ultimate clinical manifestations such as chronic tissue hypoxia and

acute ischemic events, i.e. myocardial infarction and strokes (for review, see [42]).

Thus, atherosclerosis involves a complex pathophysiological process in which coexistence of
several risk factors, such as hypertension and dyslipidemia, may act synergistically at the
arterial wall level to enhance atherosclerosis [44]. As mentioned above, clinical complications
of atherosclerosis are preceded by biological events that may be initiated or aggravated by the
hypoxic stimulus of OSA. Therefore, investigating these biological early events is critical to
understand the specific role of hypoxia in OSA-related atherogenesis, and possibly to prevent

and treat atherosclerosis in OSA patients.

3. MECHANISMS OF OSA-RELATED ATHEROSCLEROSIS
The mechanisms leading to OSA-related atherosclerosis include hemodynamic, metabolic,

oxidative and inflammatory alterations that interact in a complex manner (Figure 2). More



precisely, hypoxia may have either direct or indirect effects on the vasculature, through local

and systemic alterations triggered by IH.

3.1 OSA-related hemodynamic alterations

Independently of any comorbidity, about 50% of OSA patients develop systemic hypertension
which depends upon the severity of the pathology [45]. Several pathophysiological
mechanisms have been proposed. Using a dog model, Brooks et al. have shown that TH
resulting from repeated occlusions, seems to be the main determining factor for blood
pressure (BP) elevation [46]. Although the exact mechanisms of this causal relationship are
not fully understood, a growing body of evidence suggests that chronic IH leads to several
hormonal changes, including alterations of the renin-angiotensin and endothelin systems [37],
as well as abnormal stimulation of the peripheral chemoreflex leading to sympathetic
activation [47, 48]. In addition to sustained BP elevation, further BP surges occur at each
apnea episode, associated with increased bursts of the sympathetic nerve activity [48]. All
these blood pressure changes have been replicated in the animal model of ITH [49] and are well
known to induce functional and structural alterations of the vascular endothelium, partly
through vascular shear stress impairment which is a critical determinant of vascular

homeostasis, regulating remodeling and atherogenesis [50].

3.1.1 Functional alterations
Clinical investigations in OSA patients have shown vasoreactivity dysfunction, with increased
vasoconstrictive responses and/or decreased endothelial relaxation [51-54]. Several
experimental studies have replicated this vasoreactivity dysfunction in animal models of IH,
thus suggesting a major role for the hypoxic component of the disease in the vascular

complications [49, 55-57]. Furthermore, although vascular alterations may contribute to BP



elevation (see above), the concomitant assessment of BP and vasoresponses in mice exposed
to IH has showed that BP changes may represent the triggering mechanism [49].

Endothelial dysfunction is associated with a reduced bioavailability of nitric oxide that has
also been observed in OSA patients [58-65] and could represent an early marker of
atherosclerosis [66]. Beside sympathoadrenal and renin-angiotensin systems, the endothelin
system is also possibly involved as a major vasoconstrictive factor. We have studied in rats
genetically prone to develop hypertension (SHR) and their normotensive controls [67]
exposed to IH the activation of the endothelin system, and particularly the isoform 1 (ET-1) of
endothelin which is upregulated by hypoxia inducible factor-1 (HIF-1). Chronic IH resulted in
greater hypertension development and infarct size following myocardial ischemia in SHR
compared to control rats. This was accompanied by an increase in myocardial big-ET-1 and
ET-1 levels, and ET-A receptor expression, and by an enhanced coronary vasoconstriction to
ET-1 in SHR only. HIF-1 was linked to the promoter of the myocardial ET-1 gene following
chronic IH only. Moreover, administration of bosentan, an ET-A and ET-B endothelin
receptor antagonist, during chronic IH prevented the increase in both BP and infarct size.
Therefore, activation of the endothelin system in SHR appears to be mediated by HIF-1
activity, and to be responsible for the enhanced susceptibility to chronic IH and for its

associated cardiovascular consequences leading to hypertension and ischemic injuries [67].

3.1.2 Structural alterations
Hemodynamic alterations of hypertension are known to result in eutrophic and/or
hypertrophic remodeling of the vascular wall [68]. In OSA patients without the usual risk
factors for atherosclerosis, we and others have found an increased carotid intima-media
thickness (IMT) which is an early sign of atherosclerosis; the carotid IMT being positively

correlated with the severity of nocturnal oxygen desaturation [16-18]. It has also been shown
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that this increased IMT was reversible when treating OSA, at least in some individuals [69].
Very recently, we have confirmed these data in aorta from mice exposed to IH [49, 70] (see
below). Taken together, these data suggest a major role for IH in OSA-associated vascular
remodeling. In mice, the enlarged aorta IMT was observed after two weeks of IH and
involved the media, with a magnitude similar to what has been reported in OSA patients,
without aortic dilation. In addition to the hemodynamic stress, hypoxia may contribute to
these structural adaptive and degenerative alterations through the release of several factors,
including endothelin. For instance, we have recently demonstrated in rodents the role of the
endothelin system in the hypoxia-induced vascular consequences, since an endothelin
antagonist prevented BP elevation [71], as well as increased IMT, as shown by our
preliminary results [72]. These histological findings are consistent with vasoreactivity studies
that showed an increased contractile response to endothelin-1 in carotid [57] and mesenteric
arteries [73] in rats exposed to IH. We have also studied the role of leukotrienes in early
atherosclerosis associated with OSA [74]. More specifically, we looked at leukotriene B4
(LTB4) which is a lipid mediator involved in inflammation and atherogenesis. We found in
OSA patients that LTB4 levels were correlated with the mean and minimal arterial oxygen
saturation, and that CPAP treatment significantly reduced LTB4 production by 50%. LTB4
production correlated with luminal carotid artery diameter in patients with moderate to severe
nocturnal hypoxia, but not with carotid IMT. Therefore, LTB4 could contribute to early
vascular remodeling in moderate-to-severe hypoxic obstructive sleep apnea patients [74].
These early artery morphological changes could also contribute to impaired shear stress,
vascular inflammation, with subsequent aggravation of the degenerative atherosclerotic

process through vicious circles (Figure 2).

3.2 Metabolic alterations
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As previously reported, metabolic dysregulation represents an important risk factor for
atherosclerosis [75]. Whilst there is a strong association between OSA and obesity [76], the
number of characteristic features of the metabolic syndrome increases with OSA severity,
independently of body mass index (BMI) [77, 78]. This supports a relationship between OSA
and metabolic dysfunction independently of obesity, although the latter represents an

aggravating factor for metabolic dysregulation.

3.2.1 Insulin resistance, visceral fat and adipokines
Insulin resistance is a key element leading to atherogenic phenotype, promoting
hyperglycemia, dyslipidemia and hypertension [75]. In clinical populations, OSA was found
to be associated with an increased frequency of impaired glucose tolerance and type-2
diabetes [79], and this increased prevalence of glucose dysregulation was independent of
obesity and age [79]. A number of reports have found increased insulin resistance and
impaired glucose tolerance in OSA patients that were independent of body weight [80-83],
while worsening with OSA severity, as shown by insulin resistance with increasing AHI [84].
However, other studies failed to demonstrate an independent effect of AHI, owing to the
major impact of obesity [85, 86]. EDS may also be of importance, as underlined by the recent
findings that OSA patients with EDS had higher glucose and insulin levels, suggesting that
EDS in OSA could be a clinical marker for OSA patients susceptible to develop metabolic
complications [87]. Lastly, in a recent evaluation of obese individuals prior bariatric surgery
[88], oxygen desaturation greater than 4.6% was associated with a 1.5-fold increase in insulin
resistance. Moreover, liver histopathology suggested that severe IH might predispose to
hepatic lesions, as OSA patients with more severe nocturnal hypoxia had more hepatic
lesions, including inflammation, hepatocyte ballooning, and fibrosis. In contrast, there was no

relationship between AHI and insulin resistance or liver histopathology. Together, these
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results suggest that the hypoxic stress may be implicated in the development of insulin
resistance and steatohepatitis in severely obese OSA patients [88]. It is well known that high
levels of plasma insulin, as occurring in insulin resistance, are detrimental for the vasculature,
leading to impaired vasoreactivity and further artery remodeling, affecting both native cells of

the vascular wall and inflammatory cells (for review, [89, 90]).

In several studies, the murine model of IH has been used to study the mechanisms of glucose
dysregulation associated with OSA without any confounding factor. By studying both lean
C57BL6 and obese-leptin—deficient mice, it was shown that long term-exposure to IH led to a
time-dependent increase in fasting serum insulin levels and worsening of glucose tolerance in
obese-leptin-deficient mice only. This suggests that IH-induced glucose dysregulation was
dependent on the leptin pathways [91]. Leptin is mainly an adipocyte-derived cytokine that
regulates satiety and food intake via central mechanisms, and has also a large range of
peripheral effects, including regulation of glucose homeostasis (i.e. suppression of insulin
secretion and improvement in insulin sensitivity) [92]. Furthermore, through several
mechanisms, leptin may contribute to the pathogenesis of atherosclerosis [93, 94]. It has been
shown that leptin induces endothelial dysfunction, stimulates inflammatory cytokines
production by immune cells (dendritic cells, macrophages, T cells) and promotes platelet
aggregation and oxidative stress, as well as migration, hypertrophy and proliferation of
vascular smooth muscle cells [93, 94].

In addition to its relationship with adiposity, serum leptin levels seem to be also modulated by
hypoxia, as shown by increased levels of plasma leptin in mice exposed to IH [91], or in
normal subjects exposed to altitude [95]. This may be related to a direct effect of hypoxia that

may induce HIF1-alpha mediated leptin transcription [96].
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In OSA subjects, leptin has been found elevated [83], and in some cases, leptin levels seem to
be more related to obesity than to OSA [97]. However, most studies found a significant
impact of OSA treatment on leptin levels [98]. Therefore, the higher circulating leptin levels
observed in OSA could contribute to OSA-related atherogenesis [99-102].

Other adipokines produced by the adipose tissue could be involved in OSA-associated
atherosclerosis. Adiponectin is the most abundant cytokine-like hormone secreted by adipose
tissue [103] and emerging evidence suggest that adiponectin exerts anti-atherogenic effects
leading to endothelial function improvement, as well as anti-inflammatory properties [104,
105]. In OSA patients, in spite of few conflicting studies reporting unchanged [106, 107] or
even augmented [108] adiponectin levels, most published data support a significant reduction
in adiponectin which seems independent of the obesity status [109-115]. Indeed, recent
studies have demonstrated that hypoxia per se reduced adiponectin, independently of obesity.
Nakagawa et al have reported a reduction in adiponectin in OSA, agreeing with previous
studies [116-119], and in mice or adipocytes exposed to sustained hypoxia [113]. Similarly, a
recent study has shown that [H suppressed adiponectin secretion in adipocytes [120].

Finally, the adipokine resistin, is also produced by adipose tissue but mostly derives from
macrophages, and its role is still uncertain in humans. It is known to impair insulin sensitivity
at least in rodents, and to be associated with increased cardiovascular risk, possibly owing to
regulation of proinflammatory and proatherogenic markers, and through endothelial
dysfunction [104]. A recent study has revealed higher serum resistin levels in untreated OSA
patients compared to control subjects [121]. Resistin levels were only related to the severity
of OSA, independently of any confounding factor including obesity. Furthermore, resistin
levels were reduced by CPAP treatment, and AHI before treatment was predictive of the

reduction rate [121].
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Taken together, these data suggest a significant activation of adipose tissue in OSA,
presumably in response to direct and indirect effects of IH, and potentially contributing to the
development of atherosclerosis. Indeed, several studies have evidenced a major role of
perivascular and visceral adipose tissue in atherosclerosis progression [122-128]. The
mechanisms of adipose tissue activation in the apneic pathology should be further studied,
since inflammation of the adipose tissue may be a key-factor in the OSA-associated
cardiovascular and metabolic morbidities. This could represent a potential pharmacological
target in the OSA treatment since, as already mentioned, some of these consequences may not

be fully reversed by CPAP treatment [6].

3.2.2 Lipid metabolism

OSA patients exhibit multiple anomalies of lipid metabolism. Dyslipidemia, characterized by
increase in total serum cholesterol and triglycerides and decrease in high-density lipoprotein
(HDL), has been observed in many studies [98, 100, 101, 129, 130]. Perturbation of lipid
metabolism results in part from oxidative stress which is often present in OSA patients [131].
This could contribute to HDL dysfunction, i.e. loss of HDL antioxidant capacity [132], and to
increase in lipid peroxidation [133]. As previously mentioned, other lipid mediators, such as
LTB4 could also contribute to early vascular remodeling in moderate-to-severe hypoxic OSA
patients [74]. However, a causal link between OSA and the development of dyslipidemia is
difficult to establish due to the many confounding factors, particularly visceral obesity.

Thus, the group of Polotsky has largely investigated lipid metabolism in mice exposed to [H.
First, they demonstrated that IH induced hyperlipidemia in lean mice, but obesity with
baseline hypercholesterolemia could mask the effects of IH on lipid metabolism [134]. In
addition to hyperlipidemia, and in accordance with data in OSA [133], they have evidenced

lipid peroxidation in IH mice that correlated to the severity of the hypoxic stimulus [135].
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Using a human cell model, Lattimore et al further demonstrated that IH increased in vitro
foam cell formation in primary human macrophages, which is consistent with a major pro-
atherogenic role of hypoxia in OSA patients [136].

However, although these data suggest a major contributory role of IH to atherogenesis, only
two studies have demonstrated a direct link between experimental IH and the formation of
atherosclerotic plaques in animals non susceptible to spontaneously develop atherosclerosis,
such as C57BL6 mice [134, 137, 138]. Long-term exposure to IH was required (10-12
weeks), as well as concomitant high-cholesterol diet, suggesting that [H alone is not sufficient
for promoting atherogenesis, but genetic susceptibility as well as comorbidities might also be

determinant.

3.3 Inflammation
3.3.1 Systemic inflammation

Similarly to atherosclerosis, OSA is now considered as a chronic low grade inflammatory
disease [38, 139, 140]. Although it has been initially suggested that C-reactive protein (CRP)
could be increased in OSA [141-143], this has not been confirmed in the general population
[144], and the increase in CRP is probably more related to associated co-morbidities, such as
obesity [145]. This is further supported by results regarding CPAP treatment which allows
suppression of all the OSA-components, including IH. In a recently published controlled
study, CRP levels were highly variable at baseline between patients and active CPAP had no
effect on CRP levels [146]. However beside CRP, OSA is also associated with elevated levels
of pro-thrombotic and pro-inflammatory factors. Carpagnano et al have showed an increased
IL-6 and 8-isoprostane in breath condensate of OSA patients [147], and further studies have
showed elevated plasmatic levels of inflammatory cytokines, chemokines and adhesion

molecules, such as 1L-6, IL-8, ICAM-1, MCP-1/CCL2 and TNF-a [142, 148, 149]. These
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augmented levels of circulating adhesion molecules and chemokines (ICAM-1, VCAM-I,
MCP-1/CCL2, respectively) were correlated with both oxygen desaturation [149] and
increased carotid IMT [16, 17]. Through the increased levels of circulating pro-inflammatory
mediators, OSA patients also exhibit activated endothelial cells that in turn express adhesion
molecules, promoting interaction between leukocytes and vascular endothelium [40]. In
parallel to endothelial activation, neutrophils, monocytes and T cells are also activated in
OSA patients. Activated neutrophils show enhanced production of reactive oxygen species
(ROS) [150] and selectins [151] which are involved in cell-cell interactions. This results in
enhanced neutrophil rolling which is an early step of leukocyte recruitment. In addition,
cytokines, leukotrienes and ROS are further released by neutrophils [74, 151] which, in
addition to delayed apoptosis that will further prolonge neutrophils-endothelium interactions
[151], may contribute to endothelial injury in OSA patients. Monocytes are also activated in
OSA patients, leading to increased adhesion molecules expression and adhesion on
endothelial cells, and ROS production [40]. Finally, the group of Lavie has also shown a
specific activation of lymphocyte sub-population, with enhanced CD8" T-cell cytotoxicity
[152] and increased cytokines production by both CD4" and CD8" T-cell subtypes [153]. All
these inflammatory alterations depend on OSA severity and could largely contribute to the
development of atherosclerosis in OSA patients.

Similarly, preliminary results from our group confirmed IH-induced systemic inflammation in
mice. We observed a significant increase in chemokine expression within splenic tissue, as
well as increased migratory and proliferative capacities of spleen-derived T-cells after IH
exposure [70]. Furthermore, this systemic inflammation appeared to be an early event,
starting from the fifth day of IH exposure, and was further associated with vascular

inflammation of small and large arteries (see below).
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3.3.2 Vascular inflammatory pre-atherosclerotic alterations
As mentioned above, increased carotid IMT which is an early sign of atherosclerosis, has
been reported in OSA patients free of significant cardiovascular risk factors [16, 18]. An
enlarged aortic IMT has been also found in C57BL6 mice [49, 70, 72] and in Wistar rats [71]
after only 14 days of IH. Preliminary data demonstrate that the increased IMT affected the
media and was characterized by several similar features to humans, including disorganized
elastic fiber network, increased distance between fibers with evidence of smooth-muscle cell
hypertrophy, and mucoid material depositions. However, as it was likely to be early in the
time course, neither aortic dilation or lipidic depositions occurred yet [70]. These structural
changes could represent mechanical adaptations to IH-induced hemodynamic strains,
characterized by sustained systemic BP elevation and additional BP surges during IH episodes
[49]. Consistent with this hypothesis and at the same time point of IH exposure, we found a
reduced endothelial PECAM-1 expression at the dorsal wall of the descending thoracic aorta
and in the left ventricle myocardium [49]. Indeed, PECAM-1 is a cell-cell adhesion molecule
involved in leukocyte adhesion and transmigration through the endothelium [154] but recent
evidence has also suggested a mechanoreceptive role. Alteration in PECAM-1 expression
could therefore represent a mechanism that modulates endothelial cells sensitivity to
mechanical stimuli [155]. Collectively, IH-induced hemodynamic stress could largely
contribute to these structural adaptive and degenerative alterations, as BP oscillations occur
from the first day of IH exposure [49]. The underlying mechanisms are likely complex,
involving oxidative stress and vascular inflammation that could be potentiated by systemic
inflammation and hormonometabolic alterations (Figure 2). However, there is also evidence
for direct effects of IH on vessels. It has been reported that IH can activate the
proinflammatory transcription factor nuclear factor-kappa B (NFkB) in mice cardiovascular

tissue [70, 156] and in cell culture [41]. This NFkB activation could mediate the increased
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proinflammatory NFkB-dependent genes, such as the adhesion molecules ICAM-1 and
VCAM-1 which have been described in OSA patients [148, 149, 157]. The inflammatory
alterations could occur very early in the process, as only 3 hours of induced obstructive
apneas in rats could be sufficient to increase leukocyte rolling and P-selectin expression in
colonic venules [35]. Similarly, in a preliminary study, we observed enhanced leukocyte
rolling and ICAM-1 expression in mesenteric resistance vessels from mice exposed to 14 or
35 days of IH [70]. In the aorta, and concomitantly to structural changes associated with the
enlarged IMT described above, we found an overexpression of the chemotactic chemokine
RANTES/CCL5 and the adhesion molecule ICAM-1, with NFkB activation and T-
lymphocytes infiltration in the aortic wall [70]. Both IH-induced systemic and tissular
inflammatory alterations should be considered as a major cause of OSA-related

atherosclerosis (see below).

3.3.3 Atherosclerosis

As mentioned above, two recent studies from Polotsky's group have confirmed a direct link
between experimental IH and the development of atherosclerotic plaques in C57BL6 mice
[137, 138]. However, using this mouse strain that is non susceptible to atherogenesis, long-
term exposure to IH and concomitant high-fat high-cholesterol diet were required to develop
early lesions (i.e. fatty streak) [158, 159]. The dyslipidemia observed in high-cholesterol fed
mice was accentuated with IH, which could have contributed to accelerate atherosclerosis
development.

To facilitate the study of [H-effects on advanced stages of atherosclerosis, we and Polotsky's
group have used a more susceptible animal model, the apolipoprotein E deficient mice (ApoE"
! 7) that spontaneously develop atherosclerotic plaques [160]. Both preliminary studies have

simultaneously demonstrated the accelerating role of IH on atherosclerosis. In one study, the
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proatherogenic effect of IH was associated with an increase in plasma levels of LDL-
cholesterol and diastolic BP, and oxidative stress [161]. In our study, the proatherogenic role
of TH was rather associated with an increase in systemic and vascular inflammation, without
significant BP elevation [162]. Notwithstanding some differences between the two studies,
they both confirmed in rodents the accelerating role of IH in the atherosclerosis progression.

The studies with high-cholesterol fed C57BL6 mice and with apolipoprotein E deficient mice
are of clinical interest, as they reproduce the heterogeneous susceptibility and associated
comorbidities seen in OSA patients. They also provide clues for potential therapeutic targets

in an attempt to reverse or prevent hypoxic consequences in OSA patients.

CONCLUSION

There is now growing evidence that OSA is a risk factor for cardiovascular complications that
are mainly mediated by direct and indirect effects of the hypoxic component of OSA. OSA is
indeed associated with cardiovascular complications, including atherosclerosis.
Atherosclerosis in OSA seems to be related to the severity of nocturnal hypoxia and occurs in
patients free of other significant cardiovascular or metabolic risk factor, although synergistic
effects with obesity and dyslipidemia are likely to occur. The mechanisms leading to
atherosclerosis in OSA are multifactorial, including hemodynamic, hormono-metabolic,
oxidative and immuno- inflammatory alterations that may interact and aggravate each other.
These mechanisms are currently under investigation in both patients and animal models i.e.
mainly rodents exposed to IH. OSA is now considered as a chronic low grade inflammatory
condition at both systemic and tissue levels including vessels, with evidence for an early
implication in the course of the disease. More specifically, white adipose tissue and peri-
adventitial fat are likely to play a role in the systemic and vascular inflammation. The intimate

molecular mechanisms are still largely unknown, and their understanding may provide new

20



targets for prevention strategies and new treatments of OSA-related atherosclerosis, especially

in patients at risk for cardiovascular diseases.
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LEGENDS

Figure 1. Polysomnography

Obstructive sleep apnea (OSA) is diagnosed using polysomnography which consists in
several recordings, such as nasal pressure, thoraco-abdominal movements and efforts (pulse
transit time), oxygen saturation (Sa0,) and sleep stages. The polysomnographic tracing shows
complete cessation of flow (nasal pressure) associated with persistent respiratory efforts and
oxygen desaturation at each apneic episode. The FiO, nadir occurs with a delay compared to
the end of the apneic episode due to circulation time and the measurement technique, and
ceases due to micro-arousal-related reopening of the upper airway. The sum of thorax and
abdominal movements during apneas equals zero due to opposite phase movements of thorax

and abdomen.

Figure 2. Intermittent hypoxia-induced atherosclerosis.

Intermittent hypoxia triggers hemodynamic, metabolic and inflammatory alterations
interacting with each other and leading to vascular changes resulting in atherosclerosis. Pre-
atherosclerotic modifications include increased intima (1) - media (2) thickness with smooth
muscle cell hypertrophy (5), elastic fiber alterations (6), mucoid degeneration (7) and

leukocyte infiltration (8) in the adventitia (3) and peri-adventitia (4) tunica.
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