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Abstract

Obstructive sleep apnea (OSA) is a highly prevalent disease across the lifespan, is characterized by
chronic intermittent hypoxia and sleep fragmentation, and has been independently associated with
substantial cardiometabolic morbidity. However, the reversibility of end-organ morbidity with
treatment is not always apparent, suggesting that both tissue remodeling and epigenetic
mechanisms may be operationally involved. Here, we review the cumulative evidence focused
around murine models of OSA to illustrate the temporal dependencies of cardiometabolic
dysfunction and its reversibility, and more particularly to discuss the critical contributions of tissue
macrophages to adipose tissue insulin resistance and vascular atherogenesis. In addition, we
describe initial findings potentially implicating epigenetic alterations in both the emergence of the
cardiometabolic morbidity of OSA, and in its reversibility with treatment. We anticipate that
improved understanding of macrophage biology and epigenetics in the context of intermittent
hypoxia and sleep fragmentation will lead to discovery of novel therapeutic targets and improved
cardiovascular and metabolic outcomes in OSA.
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Obstructive sleep apnea (OSA) is a common disease affecting a high proportion of the
population and is strongly associated with obesity. Large epidemiological cohorts have
consistently shown the presence of relatively prominent and independent associations
between OSA and cardiovascular comorbidities, including systemic hypertension, stroke and
ischemic heart disease [1]. In addition, compelling evidence on the putative independent
association between OSA and metabolic dysfunction, including insulin resistance (IR),
diabetes and dyslipidemia, has also emerged in the last decade [2,3]. Notwithstanding the
flurry of epidemiological and intervention studies examining these associations, the
mechanisms that putatively mediate the direct of effect of OSA on target cardiovascular and
metabolic organs have not been as extensively explored.

To better understand the pathophysiological links between OSA and vascular and metabolic
perturbations, animal models of OSA have been developed. The initial studies employed
invasive models of tracheally-implanted balloons in big animals, such as dogs and pigs, to
reproduce repetitive pharyngeal obstruction mimicking apneas [4,5]. Upper airways
obstruction was achieved through implantation of tracheal tubes with balloons whose
inflation and deflation was remotely controlled by computers to elicit repetitive occlusions
of the endotracheal tube balloon. Alternatively, other investigators used collagen injections
into the pharyngeal walls leading to narrowed airway diameter, decreased upper airway
volume, along with increased resistance and collapsibility. However, several scientific,
economic and ethical issues progressively reduced the popularity of such models. Instead,
and considering the large framework of genetically engineered rodent models, the easier
access to rats and mice in research laboratories worldwide, and the improved ability to
miniaturize instrumentation enabling characterization of sleep and other cardiovascular and
metabolic phenotypes in mice, the latter have progressively become the most frequently used
species in OSA research. As a consequence, alternative techniques to surgical airway
obstruction have been implemented in rodent models and are predicated upon the knowledge
of the immediate consequences of apneic events on blood oxygenation and sleep
architecture. In human disease, each apnea is associated with a fall in oxygen saturation
followed by a quick re-oxygenation upon upper airway opening. Each apnea is also
traditionally ended by an arousal from sleep that allows for a more effective control of the
upper airway muscles leading to airway opening and recovery of the airflow. Thus, OSA is
associated with an intermittent hypoxemia and sleep fragmentation. Implementation of these
paradigms in murine experimental settings has provided unique insights into the
cardiometabolic consequences of OSA and will be discussed here (Figure 1).

Intermittent hypoxia alters adipose tissue insulin sensitivity, macrophage

polarity and lipid processing

Prospective epidemiological studies have shown a clear independent association between
OSA and IR and diabetes [2,3]. Especially, most of the studies showed that nocturnal
desaturations have the most robust relationship with impairments in glucose homeostasis
[3,6,7]. Animal models have further confirmed the supposition that intermittent hypoxia is
causally involved in IR pathophysiology.
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Intermittent hypoxia is the most widely used animal models of OSA. Intermittent hypoxemia
and re-oxygenation are achieved by varying nitrogen and oxygen concentration in mice
cages, usually via automated computer-controlled gas-exchange systems. Most models
employ short cycles (30 seconds to 2 minutes) of hypoxia usually with a nadir
environmental oxygen concentration of 5-7% and aim to elicit arterial oxyhemoglobin levels
revolving around 75-80%, i.e., corresponding to the levels seen in moderate to severe OSA
in humans. Although there is no upper airway occlusion in this model, some respiratory
efforts (intermittent tachypnea) occur, corresponding to a fluctuating hyperventilation that
follows the intermittent hypoxia cycles. The intermittent hypoxia stimulus is usually applied
during the daytime, as rodents preferentially sleep during this period. Some models have
adopted a sleep-driven imposition of rapid oxygen environmental reductions, and although
these models have provided useful insights into the physiologic adaptations to such closed
circuit approaches, their throughput was too low to accommodate the numbers of
experimental subjects required for mechanistic studies. Notwithstanding, substantial
differences between studies have emerged regarding the duration of daytime exposures
(ranging from 4 hours/day to 12 or 24 hours/day), the overall duration of intermittent
hypoxia (from days to months) and the frequency of cycling of desaturating events during
these periods (i.e., 10-60/h), such that comparisons across published studies can only be
qualitative rather than more quantitative in nature. Nevertheless, even short term intermittent
hypoxia has been shown to reproduce the major characteristics of the pathophysiological
consequences of OSA, including increases in blood pressure, decreased insulin sensitivity
and sympathetic activation [8,9]. When applied for more extended periods of time,
intermittent hypoxia during the rest period will induce atherosclerosis and insulin resistance,
and when combined with high fat diets or when using transgenic mice it may even reproduce
the metabolic syndrome phenotype described in severe human OSA patients [8,9].

In otherwise wild type young adult non-obese mice, exposures to intermittent hypoxia were
shown to impair glucose homeostasis, resulting in altered glucose and insulin tolerance tests
[10,11] and increased homeostatic model assessment of insulin resistance index (HOMA-IR)
[12,13], all of which partially improve with cessation of intermittent hypoxia exposure [14].
The impact of intermittent hypoxia is clearly more pronounced when applied to mice with
genetically- or diet-induced obesity [10,12]. In this context, it has become apparent that a
central role in these metabolic manifestations is played by adipose tissue (AT), particularly
in chronic intermittent hypoxia models. AT is an important and highly adaptive organ
playing a myriad of functional roles, but importantly involved in energy storage. AT
functions as a key endocrine regulator involved in numerous metabolic functions through the
secretion of numerous hormones, cytokines and chemokines referred as adipokines [15].
Emerging evidence suggests that white AT becomes dysfunctional in the context of both
obesity and intermittent hypoxia, and that similar pathways may be operational in these 2
conditions, particularly when considering that local fluctuating AT hypoxia occurs in obese
individuals [16]. In the context of evolving obesity, AT mass increases at a faster rate than
the regional angiogenesis, resulting in areas with low vascular supply, and consequently low
oxygenation [17]. In the context of OSA, the intermittent hypoxemia is systemic, and studies
have shown that the amplitudes of blood saturation cycling are markedly dampened in AT.
Indeed, cycles of 90 seconds of hypoxia (6.3% F;O5) and 90 seconds of normoxia resulted in
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in-vivo variations of local AT tissue oxygen tensions ranging from 20 mmHg to 40 mmHg
[18]. Interestingly, such chronic oscillations in AT oxygen tension do not appear to enable
sustained recruitment and transcription of hypoxia-inducible factor 1 signaling, leading to
vascular rarefaction in AT. This is in marked contrast with chronic sustained hypoxia,
whereby both marked increases in AT vasculogenesis and tissue perfusion are accompanied
by increased AT insulin sensitivity despite similar magnitude of tissue hypoxia [18].

AT IR following intermittent hypoxia has been now repeatedly documented ex-vivo and in-
vivo. Eight weeks of intermittent hypoxia exposures have been shown to decrease Akt
phosphorylation in response to insulin, a surrogate reporter of insulin receptor sensitivity, in
both epididymal and mesenteric AT [13]. Similar decreases in Akt phosphorylation were
recently documented at the cellular level in 3T3 adipocytes exposed /n vitroto intermittent
hypoxia [19].

Since AT inflammation has been implicated in the emergence of IR, evidence suggesting the
possibility that intermittent hypoxia may induce and propagate local AT inflammation has
also been explored. Indeed, in mice subjected to intermittent hypoxia exposures mimicking
sleep apnea, evidence for increased inflammation and oxidative stress becomes clearly
apparent in AT, and contributes to the metabolic dysfunction. The inflammatory processes in
the AT of mice exposed to intermittent hypoxia are illustrated by a wide range of changes in
the numbers and types of inflammatory cells present in AT [20]. Through a process
involving collagenase digestion, filtration and centrifugation, it has become possible to
isolate the stromal-vascular fraction of the AT, and characterize the changes in leucocyte
populations using specific antibodies and flow cytometry. These experiments revealed that in
mice exposed to intermittent hypoxia, despite a lower body weight and lower AT mass,
intermittent hypoxia mimicking OSA was accompanied by global increases in macrophage
counts. Notably, increased numbers of pro-inflammatory M1 and of pro-inflammatory
metabolic CD36+ macrophages [21] were present in AT of intermittent hypoxia-exposed
mice along with reciprocal decreases in anti-inflammatory M2 macrophages [11,13,22].
Interestingly, the percentage of M1 macrophages correlated with the degree of IR, the latter
being assessed by insulin tolerance tests [19]. At the cellular level, 3T3 adipocytes exposed
in vitro to intermittent hypoxia showed increased TNF-a, IL-8 and IL-6 mRNA expression
suggesting a direct impact of intermittent hypoxia on macrophage M1 inflammatory
polarization [19]. AT macrophages of mice exposed to intermittent hypoxia also exhibited
increased reactive oxygen species production, and substantial changes in electron transport
chain function, indicating dysfunctional bioenergetics and mitochondrial autophagy
processes [22]. The deleterious implications of oxidative stress and inflammation induced by
chronic intermittent hypoxia are also suggested by the protective effects of resveratrol, a
putative anti-inflammatory and anti-oxidant natural compound, which elicited significant
ameliorations in intermittent hypoxia-induced systemic and AT metabolic dysfunction and in
macrophage migration and polarization within visceral white AT [13]. We should also
remark that recent evidence has pointed to both intermittent hypoxia and sleep fragmentation
inducing significant changes in gut microbiota that are also accompanied by altered
permeability of the colonic epithelium, which then translates into systemic inflammation and
metabolic dysfunction [23-25]. Preliminary support for these observations in murine models
translating to humans has been garnered from a recent study in children with OSA, whereby
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plasma levels of lipopolysaccharide binding protein, likely reflecting the increased
permeability of colonic epithelium, were elevated in these children, correlated with insulin
resistance, and improved after treatment [26].

Although we have focused thus far on intermittent hypoxia-induced AT dysfunction, we
should also mention that intermittent hypoxia can also alter muscular and liver insulin
sensitivity [11]. Sympathetic excitation occurs in OSA, and increases in both tonic and
reactive sympathetic outflow are readily detected in intermittent hypoxia-exposed rodents
[27]. Increased sympathetic activation potentially induces lipolysis [28] as suggested by
increased circulating free fatty acid levels [12]. Circulating fatty acids in turn can
accumulate in peripheral muscles and liver leading to decreased “insulin receptor substrate”
phosphorylation, and consequent insulin induced glucose uptake [29,30]. Furthermore,
pharmacological inhibition of lipolysis by acipimox ameliorates insulin sensitivity in mice
subjected to intermittent hypoxia [31]. However, surgical or pharmacological inhibition of
sympathetic activity is not sufficient to completely prevent intermittent hypoxia-induced IR,
suggesting that complementary mechanisms are involved [32]. intermittent hypoxia induced
dyslipidemia can also be related to decreased lipoprotein lipase expression and activity that
may be mediated by changes in HIF-1 signaling, particularly via one of HIF-1 downstream
regulated genes, namely angiopoietin-like 4 [33,34]. Finally, we should emphasize that
intermittent hypoxia decreases adiponectin circulating levels in rodents as well as in in-vitro
exposed adipocytes [35,36]. Considering that adiponectin is the most abundant white AT
secreted adipokines, and that it possesses insulin-sensitizing, anti-inflammatory and anti-
atherogenic properties, the reductions in adiponectin following intermittent hypoxia are
likely to be involved in the emergence of IR [37,38]. However, the role of intermittent
hypoxia on leptin levels is more controversial. Short term intermittent hypoxia increases
leptin levels [39], whereas decreased levels have been shown in chronic intermittent hypoxia
models, potentially reflecting the reduction in AT mass associated with long intermittent
hypoxia exposures [40]. Leptin is another important metabolic cytokine secreted by AT, with
both local and remote functional roles, particularly in satiety signaling in the hypothalamus.
Leptin signaling pathway inhibition foster orexigenic behaviors and body mass accrual, but a
direct implication of leptin on insulin signaling has also been suggested [41]. How leptin
pathways are affected by intermittent hypoxia and their role in intermittent hypoxia-induced
IR will require further investigation.

Besides inflammatory cellular changes and functional alterations, structural histological
changes are apparent in the visceral AT of mice exposed to intermittent hypoxia. Exposures
to 6 weeks of intermittent hypoxia resulted in whitening of epididymal AT, which contrasted
with a browning of AT observed in animals exposed to sustained hypoxia [22]. White AT
and brown AT have essentially antagonistic functions: white AT stores excess energy as
triglycerides, and is involved in metabolic regulation, whereas brown AT is specialized in the
dissipation of energy through the production of heat [42]. As mentioned above, differential
transcriptional activity temporal trajectories of HIF-1a between intermittent hypoxia and
sustained hypoxia were proposed to explain some of the histological and metabolic
differences imposed by these two hypoxic exposures [22]. intermittent hypoxia was also
associated with a rarefication of AT vascularization and the presence of vascular dysfunction
as attested by a decrease in eNOS expression and reduced eNOS phosphorylation at the
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activation site (serine 1177). Another typical characteristic feature of dysfunctional AT in
obesity is the formation of crown-like structures consisting of macrophages surrounding
necrotic adipocytes [15]. Similar to obesity, AT in lean animals treated with intermittent
hypoxia showed an increased amount of crown-like structures compared to normoxic
controls [19].

An important question has arisen in recent years as to whether long-term metabolic
reductions in AT insulin sensitivity are completely reversible upon return to normoxic
environments, i.e., ideally optimal treatment of OSA in patients. One of the major reasons
for such question originates from the fact that the majority of the patients with OSA have
likely suffered from this condition for many years, and therefore remodeling of end-organ
tissues may have occurred and preclude full and complete functional recovery. The currently
available evidence is scarce. However, even though 6-week intermittent hypoxia exposures
were accompanied by normalization of IR in AT and also by complete restoration of
vascular integrity in mice [43], only partial improvements were present in either metabolic
AT dysfunction or in vascular inflammation and atherogenesis after very lengthy intermittent
hypoxia exposures (20 weeks) [44], suggesting that some of the processes may progressively
become either irreversible or only partially reversible. Since after normoxic recovery,
evidence for persistent inflammatory processes as illustrated by pro-inflammatory
macrophage polarity was detectable, the possibility that epigenetic changes in macrophages
may be occurring and dictating some of the dampening of the recovery processes was raised.

Epigenetics in macrophages

Macrophages were originally described more than a century ago as large phagocytic cells
which ingests foreign material [45]. Extensive research throughout the years revealed that
macrophages are de facto key components of the innate immune system, and play a key role
in maintaining systemic and tissue homeostasis [46]. In particular, monocytes and
macrophages are crucial to the regulation of immune responses and inflammation by acting
as secretory cells and presenting antigens to helper T cells[45].

The current mononuclear phagocyte theory states that migratory macrophages are
differentiated cells which do not proliferate, but are rather re-populated by circulating
monocytes derived from myeloid precursors originating in the bone marrow [47]. In
addition, a different cell lineage of macrophages, tissue resident macrophages, displays the
capacity for cell division and replication, and originates from a different embryonic cell line.
In general, monocytes develop to tissue-specific macrophages in response to local
microenvironment signals, and are present in virtually all the tissues in the body [48].
Tissue-specific macrophages have a high degree of pleiotropy, with a remarkable
adaptability to react to environmental stimuli [49]. However, such plasticity contributes to
the development of several pathologies by altering molecular profiles and subsequently
activation states of the macrophages, as observed in sepsis, cancer, atherosclerosis, obesity,
rheumatoid arthritis and neurodegenerative diseases [50]

The macrophage population within any given tissue or organ is highly variable and presents
a continuum of phenotypes representing different activation states [51]. At the two ends of
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the spectrum, two major phenotypes have been described: the classically activated
phenotype or M1, and the alternatively activated phenotype or M2 [52]. While M1
macrophages present a pro-inflammatory phenotype, M2 macrophages have different
metabolic functions and promote healing and growth, as seen in wound healing and tissue
remodeling [53-55]. M1 macrophages respond to lipopolysaccharide (LPS) and interferon
gamma (IFN+y) stimuli, present a pro-inflammatory profile, and express inducible NO
synthase (iNOS), interleukin (IL)-1,and TNF-a [53,54]. Conversely, several sub-types of
M2 macrophages are triggered by different stimuli: IL-4 and 1L-13 lead to M2a phenotype,
immune complexes to M2b, and glucocorticoids and transforming growth factor beta (TGF-
B) to M2c [53,54]. M2 macrophages express a group of characteristic genes, the “M2
genes”, such as chitinase-like protein ( Y1), found in inflammatory zone 1(Fizz1),
arginase-1(Arg)-1, IL-10 and TGF-p. M1 and M2 macrophages are usually characterized by
their protein markers (reviewed in [53]). Identified markers for M1 macrophages are CD64,
IDO, SCOCS1, CXCL10 in human, and CXLC9, CXCL10, CXCL11 and NOS2 in mouse.
For M2 macrophages the most commonly used markers are MRC1, TGM2, CD23 and
CCL22 in humans, and Mrcl, Tgm2, Fizz1, Ym1/2 and Argl in mouse. Our group has
shown that intermittent hypoxia promotes the emergence of insulin resistance and the
increased presence of a pro-inflammatory metabolic macrophage phenotype in both visceral
white adipose tissue (VWAT) and aorta, as illustrated by increased macrophage counts and
increased M1 polarization [18,22,56,57].

The importance of epigenetic mechanisms in the activation and regulation of macrophage
function is becoming widely accepted and numerous studies have provided evidence in this
direction [58-62]. Epigenetics refers to the heritable changes in phenotype that occur
without changes in the DNA sequence [63]. Epigenetic processes regulate early cellular
differentiation through interactions between genes and the environment, modulating gene
transcription and leading to changes in cellular phenotype [64]. Epigenetic studies focus on
three related molecular mechanisms for genome regulation: DNA madifications, histone
modifications and non-coding RNAs (ncRNAs). DNA modification is the covalent
modification of a nucleotide in the DNA sequence. The most studied DNA modifications are
the addition of a methyl or hydroxylmethyl group at the 5 position of the cytosine
nucleotide (C), termed as 5-methylcytosine (5mC) and 5-hydroxylmethylcytosine (5hmC),
respectively [65,66]. In the mammalian genome, these additions occur almost exclusively in
the context of a cytosine-guanine (CG) dinucleotide and may regulate the expression of the
cognate genes [67]. The second epigenetic mechanism in genome regulation is determined
by the organization of the histones in the nucleosomes. Histone modifications include
methylation, acetylation, phosphorylation, ubiquitination, sumoylation, citrullination, and
ADP-ribosylation. Either working as individual marks or in a combinatorial pattern, histone
modifications are major regulators of gene expression [68] and can act as activating or
repressing marks. The third layer of epigenetic regulation is given by ncRNAs. This category
includes several types of RNA molecules which are not coding for proteins, but may have a
function on genome regulation, such as micro RNAs (miRNA), small interfering RNAs
(siRNA) and long non-coding RNAs (IncRNA) [69,70]. All of these epigenetic changes and
potential functional implications have thus far been reported for macrophages in a variety of
settings [54]. As will be discussed later in this review, increasing evidence in animal models
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and clinical studies supports a major role for epigenetic alterations in macrophages in OSA-
induced metabolic and cardiovascular alterations.

Epigenetic changes in macrophages in adipose tissues and their
contribution to insulin resistance

AT exhibit marked cellular heterogeneity, including adipocytes pre-adipocytes, fibroblasts,
endothelial cells and tissue resident and migrated macrophages. In obesity, excessive
amounts of visceral white AT lead to autocrine and paracrine dysregulation contributing to
metabolic dysfunction and chronic inflammation. As discussed above, peripheral AT insulin
resistance results from a combination of altered functions of insulin target cells and the
accumulation of macrophages that secrete pro-inflammatory mediators [71].

Among AT macrophages, both phenotypes, M1 and M2, have been found depending on the
physiological conditions [72—75]. Moreover, a novel metabolically active M1-like
macrophage phenotype has been described in the context of obesity-related AT inflammation
and insulin resistance [21], whereby positive CD36 surface labeling conclusively identified
this metabolic M1 macrophage phenotype. In lean individuals, AT macrophages present the
alternatively activated, M2 phenotype, whereas AT macrophages in obese individuals
present the pro-inflammatory, M1 phenotype [72,73,76]. Macrophage phenotype and
function highly depend on the microenvironment [49], and polarization is the result of
complex molecular mechanisms involving transcriptional regulation and chromatin
remodeling. At the molecular level, insulin resistance is promoted by a transition from an
alternative M2-like macrophage activation state maintained by STAT6 and PPARSs to the
classical M1 activation state driven by NF-kappaB, AP1, and other signal-dependent
transcription factors that play crucial roles in innate immunity [72-75]. Increasing evidence
shows that epigenetics mechanisms play a major role in the AT macrophage polarization.
Yang and collaborators showed that elevated saturated fatty acids enhance DNMT3b
expression in obesity, leading to DNA methylation at the PPARy1 promoter, which may
contribute to deregulated AT macrophage polarization, inflammation, and insulin resistance
[62]. Furthermore, several studies described the importance of chromatin remodeling in the
M2-M1 switch, highlighting the action of histone modification enzymes in activating or
repressing the expression of genes (reviewed in [58,60]. For example, the Jumonji family of
demethylases (in particular Jmjd3) is recruited in LPS-treated macrophages leading to
decreased expression of M2-associated genes [58,77]. In contrast, it has been shown that the
action of histone deacetylase HDAC3 leads to the M1 phenotype by inhibiting M2
polarization [78,79]. Comprehensive studies (reviewed in [80]) have identified three major
effects of intermittent hypoxia exposures in macrophages from VWAT: i) induction of a pro-
inflammatory phenotype with polarization of adipose tissue macrophages towards a M1-pro-
inflammatory subtype, ii) upregulation and secretion of numerous pro-inflammatory
adipokines and cytokines, and iii) downstream impairment of the insulin-signaling pathway,
similar to the alterations observed in adipose tissue dysfunction in obesity. Very
interestingly, extended recovery under normoxic conditions can only partially reverse these
changes [22].
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Epigenetic changes in macrophages and atherosclerosis

Vascular tissue macrophages play a major role in atherogenesis. During the initiation and
progression of atherosclerosis, macrophages show intrinsic activation, changes in polarity
and phenotype, production of cytokines, and signaling to other cells in the vessel wall [81-
85]. M1-like macrophages accumulate as the atheroma plaque grows, and are associated
with adverse disease outcome [81-85]. CD36-mediated activation of aortic macrophages
was found in pro-atherogenic disease models [44]. Different epigenetic mechanisms have
been shown to determine the phenotype and activity profiles of macrophages, and more
specifically the pro- or anti-atherogenic profile of macrophages in vascular areas prone to
atherosclerosis [79,86,87]. In the context of intermittent hypoxia, Castro-Grattoni and
collaborators showed that the atherogenic process is potentially reversible with return to
normoxia following short intermittent hypoxia exposures[43]. However as shown by Cortese
et al, such reversibility is markedly hampered following prolonged intermittent hypoxia
exposures [44], suggesting that epigenetic alterations may have occurred in intermittent
hypoxia-exposed macrophages. In the context of sleep fragmentation, Carreras et a/
described marked elastic fiber disruption and fiber disorganization in sleep fragmentation-
exposed mice, along with increases in the numbers of foam cells and macrophages within
the aorta wall. Senescence markers further showed evidence for reduced TERT and cyclin A,
and increased p16INK4a expression, with higher IL-6 plasma levels in sleep fragmentation-
exposed mice [88].

As discussed below, shared epigenetic mechanisms may be operational in both vascular and
adipose intermittent hypoxia-exposed tissues in the context of macrophages.

The peroxisome proliferator-activated receptor-gamma (PPARYy) pathway. A
shared mechanism of epigenetic-mediated macrophage activation in
adipose and vascular tissues

The peroxisome proliferator-activated receptor-gamma (PPAR~y) pathway. PPARy pathway
represents one of the major molecular and biochemical pathways underlying the prevention
of M1 macrophage phenotype polarization and preservation of M2 phenotype in visceral
white AT [49]. Indeed, PPARy-deficient macrophages are resistant to M2 polarization and
promote insulin resistance [89,90]. PPARy regulates the expression of downstream genes by
binding to PPAR-response elements (PPARES) located in the promoter and enhancer of these
genes [91]. For example, it directly controls the expression of numerous adipocyte-specific
genes, such as adiponectin (Adipog), fatty acid binding protein 4 (Fabp4, also known as
adipocyte protein 2 or aP2), resistin (Retrn), and glucose transporter 4 (G/ut4). In
macrophages, PPARY is a master regulator of lipid metabolism, and it has long been known
to inhibit pro-inflammatory gene expression through several mechanisms, including the
trans-repression of NF-kappaB [92,93]. In AT macrophages, PPARYy is constitutively
expressed, but can be also induced by IL-4 and IL-13 [94]. A crosstalk between PPARy and
the IL-4/STAT6 axis, which might coordinate the control of the M2-like phenotype, has been
also evoked [95]. An alternative pathway for crosstalk involves IL-4-mediated stimulation of
PPARYy activation through the synthesis of putative endogenous PPARy ligands [94].
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Pharmacological PPARy agonists (i.e. thiazolidinediones, TZD) are used to treat type 2
diabetic patients leading to an improved glycemic control and enhanced insulin sensitivity
[96]. These drugs also improve the lipid profile of patients at risk of developing
atherosclerosis and reduce circulating levels of inflammatory markers [96].

PPAR-y is activated in a ligand-dependent manner, switching the binding partner from a co-
repressor complex to a co-activator complex on PPAREs. Both PPAR-y complexes contain
molecules with known epigenetic activities which act as chromatin remodeling factors, such
as the histone acetyltransferase p300/CBP[97], histone deacetylases [98], the
methyltransferase CARM1 [99] and a SWI/SNF complex [100]. Moreover, it has been
shown that the PPARy complex has the ability to direct local DNA de-methylation at
PPAREs [101]. On PPAREs, the PPARy complex is poly (ADP-ribosyl)ated (PARYylation)
and Tet proteins present in the complex catalyze the conversion from a repressive 5-
methylcytosine (5-mC) DNA modification to an active 5-hydroxylmethylcytosine (5-hmC),
inducing local DNA demethylation and gene expression [101].

Evidence for epigenetic modifications in OSA patients and in intermittent

hypoxia-exposed mice

As discussed above, the cellular and molecular mechanisms involved in OSA-induced
metabolic and cardiovascular derangements are not fully understood. However, the insofar
cumulative evidence supports a major role for macrophages and inflammation in the
development of OSA morbidity. In this context, recent work from our laboratory has now
described activation of pro-atherogenic pathways involving a complex interplay of histone
modifications in functionally-relevant biological pathways, such as inflammation and
oxidative stress in aorta macrophages [44]. One of the major pathways regulated by long-
term intermittent hypoxia and exhibiting extensive epigenetic alterations was the PPAR~y
pathway, thereby providing initial support for conceptual framework that epigenetic
modifications occur in intermittent hypoxia, and may not only contribute to end-organ
morbidity, but may also dictate the potential reversibility of such alterations upon cessation
of intermittent hypoxia.

To further elucidate these issues, we studied DNA methylation profiles in blood monocytes
of obese patients with severe OSA before and 6 weeks after initiation of treatment with
positive airway pressure [102]. We identified over 1,800 differentially methylated regions.
Analysis of biochemical pathways and gene networks demonstrated that differentially
methylated regions were associated with immune responses, and particularly with
mechanisms governing gene regulation by PPAR~y [102]. Of note, we have also detected
specific gene methylation changes in genes involved in immune regulation and vascular
function in children with OSA [103,104].

Other groups have also highlighted the importance of the PPARy pathway in in OSA-
induced metabolic and cardiovascular disorders. Using a microarray-based transcriptome
profiling, Gharib and colleagues identified a number of gene sets that were up-regulated in
the adipose tissue of OSA patients, including those in the pro-inflammatory NF-xB pathway
and the proteolytic ubiquitin/proteasome pathways, whereas genes in the PPAR pathway
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were down-regulated in OSA patients [105]. Sharma and collaborators studied alveolar
macrophages in obese subjects with and without OSA [106], and showed that PPAR-y
expression and functional activity were significantly reduced in obese subjects with OSA
compared to those without OSA. More recently, Zhang ef a/ have shown that PPARy gene is
downregulated in mice with High Fat Diet (HFD)-induced obesity, resulting in oxidative
stress and inflammation in response to chronic intermittent hypoxia contributing to
endothelial dysfunction. Endothelial-dependent vasodilation was impaired in HFD-obese
mice exposed to chronic intermittent hypoxia, compared with Low Fat Diet (LFD)-fed mice
and to HFD-mice not exposed to intermittent hypoxia, but endothelial function was restored
by concomitant pioglitazone treatment, a known PPAR-y agonist[107].

Thus, epigenetic alterations are detectable in experimental models of OSA, as well as in
actual patients suffering from this condition, further reinforcing the need for continued
exploration of this avenue to identify their contributions to disease morbidity and response to
therapy.

Sleep fragmentation and adipose tissue insulin resistance, macrophages

and lipid processing

Notwithstanding the metabolic perturbations described heretofore in the context of
intermittent hypoxia, intermittent hypoxia alone cannot explain all of the vascular and
metabolic consequences of OSA [108]. As indicated, apneic episodes are usually
accompanied by bursts of increased brain activity (arousals) leading to repetitive conscious
or unconscious awakenings, resulting in sleep discontinuity, i.e., sleep fragmentation.
Epidemiological studies have shown that the number of arousals per hour of sleep is
associated with fasting insulin levels and IR, even after adjustments for the major
confounders [109,110]. Experimental studies in humans have further indicated that
mechanical or auditory disruption of sleep decreases insulin sensitivity [111,112].

Murine models have been developed with the aim to reproduce the repetitive arousals from
sleep that occur at the end of apneas and hypopneas in OSA. Generation of fragmented sleep
is usually achieved by intermittent tactile stimulation using a near-silent motorized
horizontal bar sweeping just above the cage floor from one side to the other at a frequency
adapted to reproduce the arousal index of moderate to severe OSA (about 30 arousals per
hour of sleep) [113,114]. Mice exposed to sleep fragmentation manifest increased food
intake that leads over time to accelerated weight accrual even when mice are fed normal
chow [115]. However, even before increased AT mass occurs in the context of sleep
fragmentation, evidence of IR is detected in mice, as attested by altered glucose tolerance
tests and also by reduced glycemic responses during insulin tolerance tests, along with
increased HOMA-IR index in fasting animals [23,116-118].

IR was confirmed at the AT level by the presence of reduced p-Akt/Akt ratios in responses to
exogenous insulin in mice exposed to sleep fragmentation [23,119]. Of note, the increases in
AT mass in the context of sleep fragmentation can be explained by increased bone marrow
recruitment, proliferation and differentiation of adipocyte progenitors in the AT [118].
Similar to intermittent hypoxia, sleep fragmentation is also associated with a pro-
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inflammatory AT cellular profile with increases in M1pro-inflammatory and CD36+
dysmetabolic macrophages, and a reduction in anti-inflammatory M2 macrophages and T-
regulatory lymphocytes [117,119]. The pro-inflammatory macrophage profile was further
confirmed by their increased ex-vivo ability to release TNF-a. In addition, prolonged sleep
fragmentation was also accompanied by remodeling of the vasculature, increased deposition
of macrophages in the vascular wall, and increased expression of senescence markers,
attesting to incipient atherogenesis [120].

Interestingly, chronic sleep fragmentation also induced reversible gut microbiota changes
characterized by the preferential growth of highly fermentative members of Lachnospiraceae
and Ruminococcaceae and a decrease of Lactobacillaceae families [23]. Those modifications
in the gut microbiome ecosystem may be a critical initiator of the sleep fragmentation-
induced systemic and AT inflammation, and consequently altered insulin sensitivity, most
likely via enhanced colonic epithelium barrier disruption and increased permeability to LPS
ad other bacterial moieties. Of note, the major sleep fragmentation-induced inflammatory
alterations within the AT were prevented by administration of resveratrol, a putative sirtuin 1
agonist and insulin sensitizing agent [121]. AT metabolic dysfunction was also restored by
administration of TUG891, a potent and selective free fatty acid 4 receptor agonist. It is now
well established that FFA4 mediates important functional aspects of both adipocyte and
macrophage function, involving stimulation of glucose uptake and adipogenesis, as well as
mitigation of inflammatory processes. Notably, FFA4 plasma levels were shown to be
reduced in pediatric OSA and in obese children without OSA, and to strongly correlate with
the degree of systemic insulin resistance in pediatric patients [122].

Sleep fragmentation was also shown to impact leptin signaling pathways. In this context,
despite increases in plasma leptin levels [119], sleep fragmentation was associated with
obesogenic behaviors and weight gain. Those findings are likely explained by emergence of
leptin resistance induced by sleep fragmentation at the hypothalamic level [123]. Indeed,
sleep fragmentation was shown to activate endoplasmic reticulum stress in the hypothalamus
ultimately leading to increased protein tyrosine phosphatase 1B (PTP-1B) activity, a
negative regulator of leptin signaling pathway in the hypothalamus [124]. Recent work in
transgenic mice and using PTP-1B inhibitors have further confirmed the important role of
PTP-1B in fostering both central leptin resistance and macrophage polarity changes in sleep
fragmentation-exposed mice [125].
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Summary and Translational Implications

Experimental murine models mimicking characteristic components of OSA lead to the
emergence of IR and atherogenesis, and such morbid consequences appear to involve the
recruitment and polarity changes of macrophages to a pro-inflammatory phenotype, as
well as epigenetic processes (Figure 2). The putative role of such epigenetic changes in
dictating the potential for reversibility of the cardiometabolic morbid consequences of
OSA is also described, and hopefully will prompt future research efforts in these
directions. Based on the current evidence, it is possible that with increased duration of
disease, OSA will be accompanied by a progressively reduced reversibility of
cardiometabolic morbid phenotypes, particularly those involving atherosclerosis and end-
organ insulin resistance. If such assumptions are indeed correct, a complete redesign of
randomized controlled therapeutic trials in OSA will be necessary and either take into
account antecedent disease duration (a difficult and nearly impossible challenge) or revise
down targeted effect sizes and anticipated beneficial outcomes of treatments such as
continuous positive pressure therapy or intra-oral appliances, and consequently adjust
cohort size needs for adequate power estimates.
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Figure 1. Putative mechanisms of adipose tissue dysfunction and macrophage polarization
resulting from intermittent hypoxia and sleep fragmentation as suggested by animal models

Obstructive sleep apnea is characterized by chronic intermittent hypoxia (IH) and sleep
fragmentation (SF) and both perturbations can induce direct changes in macrophage polarity
and function toward a pro-inflammatory phenotype, as well as promote the emergence of
epigenetic changes which also lead to macrophage polarization and facilitate persistent, and
possibly less reversible inflammation. Consequently, vascular wall and adipose tissue
infiltration by pro-inflammatory macrophages will result in end-organ structural changes and
altered function, as reflected by insulin resistance and atherosclerosis.
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Figure 2.
Summary of the pathophysiological processes linking obesity and sleep apnea to vascular

atherogenesis and VWAT metabolic dysfunction.
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