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Abstract Obstructive sleep apnea (OSA) is a common disorder
associated with cardiovascular disease (CVD). One theory to
explain this relationship proposes that OSA can induce systemic
inflammation, thereby inducing CVD. This theory is based on
the premise that obesity is a pro-inflammatory state, and that
physiological derangements during sleep in subjects with OSA
further aggravate inflammation. In support of this theory, some
clinical studies have shown elevated inflammatory biomarkers
in OSA subjects, or improvement in these markers following
treatment of OSA. However, the data are inconsistent and often
confounded by the effects of comorbid obesity. Animal models
of OSA have been developed, which involve exposure of ro-
dents or cells to intermittent hypoxia, a hallmark feature of OSA.
Several of these experiments demonstrate that intermittent hyp-
oxia can stimulate inflammatory pathways and lead to cardio-
vascular or metabolic pathology. In this review, we review
relationships between OSA and inflammation, with particular
attention to studies published within the last year.

Keywords Sleep apnea - Inflammation - Hypoxia -
Metabolism

1 Sleep apnea: introduction

Obstructive sleep apnea (OSA) describes irregular breathing
during sleep due to intermittent partial or complete collapse of
the upper airway [1]. The prevalence of OSA in adults is 24 %
in men and 9 % in women and increases dramatically with
obesity [2]. Risk factors for OSA also include male gender,
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older age, and higher neck circumference [3]. The severity of
OSA is usually described using the apnea hypopnea index
(AHI). The AHI measures the frequency with which breathing
ceases for at least 10 s (apnea), or decreases enough to cause
hemoglobin oxygen desaturation of >3 %, or an arousal from
sleep (hypopnea) [4]. During an apnea or hypopnea, the
sleeping subject experiences intermittent hypoxia and may
also develop hypercapnia. Ineffectual efforts to breathe
against the obstructed upper airway can also lead to significant
autonomic activation [5] and changes in intrathoracic pressure
[6]. OSA can sometimes be mitigated or completely abolished
by lifestyle changes such as weight loss [7, 8]. In most cases,
however, other therapies are required to improve upper airway
patency. Continuous positive airway pressure (CPAP) applied
to the nose and/or mouth is the most common form of treat-
ment, and serves to splint the airway open with pressurized air.
While highly efficacious, its effectiveness is limited by diffi-
culty with adherence [9, 10]. Mandibular advancement devices,
designed to lift soft tissues from the site of airway collapse, can
be effective in some cases of OSA [11]. Surgery may be used to
address anatomical problems (e.g., enlarged tonsils), or used as a
salvage treatment for patients who are not able to use CPAP
[12]. Newer treatment modalities for OSA, such as upper airway
nerve stimulation are in development [13].

OSA was first documented as a disorder in the 1960’s, and
its health impacts have since received growing attention from
the public and healthcare community. The constellation of
sleep fragmentation, intermittent hypoxia, hypercapnia, and
ineffectual breathing efforts account for the majority of phys-
iological derangements in OSA [14]. The prototypical symp-
tom of OSA is excessive daytime sleepiness. Sleepiness from
OSA decreases quality of life and increases hazards from
activities such as driving [15]. OSA is also associated with
cardiovascular disease (CVD) and chronic risk factors for
CVD such as hypertension [16—18], insulin resistance [19,
20], atherosclerosis, and hyperlipidemia [21]. The Sleep Heart
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Health Study [22] and Wisconsin Sleep Cohort Study [23]
showed an independent association between OSA and mor-
tality. A higher incidence of CVD and cerebrovascular disease
[24-26] is found in patients with OSA. Observational studies
demonstrate a reduction in death and cardiovascular outcomes
with CPAP use [27] [28]. However, the relationship between
OSA and CVD is complex. The underlying obesity that pre-
disposes to both OSA and CVD may account for at least some
of the increased risks of CVD. In addition, OSA may itself
confer risks for development of CVD. Some of the proposed
pathways linking OSA to CVD include SNS activation, met-
abolic dysfunction, and inflammation (Fig. 1). In this review
we will highlight studies examining the relationship between
OSA and inflammation, with a focus on publications from the
last year. For more comprehensive information, we refer to the
reader to previous relevant reviews [29-33].

It is widely accepted that protracted vascular inflammation is
responsible for the initiation and progression of atherosclerotic
CVD, the leading cause of death in the Western world [34].
During initial stages of disease, vascular endothelium is injured
by a variety of stressors such as reactive oxygen species (ROS),
shear blood pressure forces, or circulating cholesterol or fatty

acids. Endothelial injury stimulates the expression of leukocyte
adhesion molecules (e.g. L- selectin, integrins) and endothelial
adhesion molecules (E-selectin, P-selectin, ICAM-1, VECAM-
1). Leukocytes migrate into the artery wall, through signaling
by substances such as oxidized LDL-cholesterol, MCP-1
(monocyte chemoattractant protein-1), and IL-8. Small fatty
streaks progress to complex atheroma via accumulation of
macrophages and monocytes. Given the close relation between
vascular inflammation and atherosclerosis, circulating bio-
markers have been examined for their ability to predict CVD.
C-reactive protein (CRP) is rapidly produced in the liver in
response to macrophage release of IL-6, whereupon circulating
CRP binds with bacterial polysaccharides to activate the com-
plement cascade. Normal CRP levels are < 10 mg/L and
elevations in the absence of infection may promote cancer,
diabetes, and CVD [27]. In unstable angina, CRP [35] and
IL-6 [36] levels predict poorer prognosis, perhaps reflecting
more aggressive vascular inflammation. CRP has been shown
to identify those at risk for coronary artery disease [37] [38].
High-sensitivity CRP (hsCRP) assays have better performance
at relatively low levels of CRP and have also been widely used
in a number of epidemiological risk studies. For example, the
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Fig. 1 Proposed pathways by which OSA interacts with obesity to
induce inflammation and metabolic dysfunction. OSA interferes with
(1) gas exchange and (2) sleep continuity. These stimuli collectively
increase sympathetic nervous system outflow, which is well known to
result in insulin resistance and lipolysis. In vitro data suggest that (3) IH
can directly stimulate inflammation in tissues, perhaps via HIF-1 or
NF«kB activation. (4) Sympathetic stimulation of lipolysis with resultant
increase in FFA and increased insulin also (5) stimulate the HIF-1
pathway, and (6) contribute to hypertension and endothelial function.
Obesity independently contributes to OSA and to metabolic dysfunction,
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such that the combination of OSA and obesity may synergistically
promote CVD. References supporting each of these phenomena appear
as follows: 1. Somers ef al. Sleep 1993; Somers ef al. JAP 1985 [137,
138]; 2. Stamatakis et al. Chest 2010; Somers et al. JC1 1995 [5, 139]; 3.
Ryan et al. AJRCCM 2006; Ryan et al. Circulation 2005 [62, 115]; 4.
Barcelo et al. Eur Resp J 2011; Jun et al. Sleep 2012; Diebert et al. JCI
1980[112, 116, 140]; 5. He et al. AJP Endocrinol Metab 2011; Lee et al.
Cell 2014; Halberg et al. Mol Cell Biol 2009 [108, 109, 141]; 6. Chinen
et al. Endocrinology 2007; Imrie ef al. Biochem Biophys Acta2010[142,
1437; 7. Couchou et al. Eur Heart J; Gottlieb ef al. NEJM 2014 [144, 47]
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Physician’s Health Study demonstrated that elevated hsCRP
levels identified apparently healthy men with higher risk of
developing future stroke and atherosclerotic CVD [39]. While
CRP elevations carry prognostic significance, it is debated
whether CRP itself is a mediator of CVD [40].

Besides CRP, several other inflammatory markers have been
utilized for risk stratification in primary or secondary CVD.
Cytokines, which refer to signaling proteins chiefly secreted by
leukocytes, also reflect activation of the immune system. Cy-
tokines include Tumor Necrosis Factor-o (TNF- «) which is
secreted from monocytes; interleukins (IL) and interferon (IFN)
gamma, which are from activated leukocytes. Fibrinogen,
whose synthesis increases in the liver in response to cytokines
(particularly IL-6 [41]), has been shown to correlate with risks
of stroke and myocardial infarction [42]. Nuclear Factor- k 3
(NF-kB) is a transcription factor that regulates the immune
response to infection. Known agonists of NF-kB include
ROS, lipopolysaccharide, and TNF-x. Excessive activation of
NF-kB can induce pathological consequences such as CVD
and cancer. In turn, NF-kB potentiates the inflammatory cas-
cade by upregulating cytokines such as TNF-«, IL-6, and IL-8.
It has been challenging to determine whether OSA, obesity, or
perhaps a synergistic interaction of the two states is responsible
for inflammation or CVD. This inherent difficulty exists be-
cause OSA is very common in obese subjects, obesity itself is
considered a pro-inflammatory state [43—46].

2 OSA and inflammation — recent clinical findings

Within the last year, several clinical studies have been published
on the subject of OSA and inflammation, most utilizing com-
mon biomarkers such as CRP, IL-6, or TNF-«. Gottlieb et al.
compared the effects of 12 weeks of CPAP, oxygen, or health
counseling on blood pressure in a randomized controlled trial
(RCT) enrolling moderate-severe OSA [47]. They found that
only CPAP effectively decreased blood pressure and lowered
CRP by 20 %, while oxygen or health counseling had no effect
on these parameters. In the same issue of the New England
Journal of Medicine, 24 weeks of medical weight loss, CPAP,
or combined therapies were compared, with respect to their
impact on plasma hsCRP level. CPAP alone had no effect on
hsCRP, while weight loss had the anticipated CRP lowering
effect [48]. Inflammatory markers were also assessed as one of
the outcomes of the Multi-Center Obstructive Sleep Apnea
Interventional Cardiovascular (MOSAIC) trial. MOSAIC was
an RCT completed in 2012 (n=391) comparing the impact of
6 months of CPAP or usual care on sleepiness and cardiovas-
cular risk. The primary outcome of MOSAIC was that CPAP
significantly improved daytime sleepiness, but did not improve
the cardiovascular risk score [49]. In a subset of MOSAIC
patients (n=253), CPAP improved vascular endothelial func-
tion [50]. However, in terms of inflammatory markers, no

consistent changes were observed in plasma IL-6, IL-10, CRP
or TNF-«, regardless of CPAP adherence [51]. IL-6 and TNF-oc
levels were examined in a study of 33 OSA patients and 24
non-apneic, Body Mass Index (BMI)-matched controls as well
as the impact of 3 months of CPAP therapy. At baseline, no
differences in IL-6 or TNF-« were observed, nor any changes
in the mean level of these cytokines with CPAP therapy [52].
Kritikou et al. examined 24-hour profiles of IL-6, TNF-«
receptor-1, leptin, adiponectin, hsCRP, glucose, and insulin in
77 middle-aged subjects. Men with OSA exhibited increased
hsCRP, IL-6, insulin resistance, and leptin; and females had
higher hsCRP than their non-apneic counterparts. However,
CPAP use for 2 months had no effect on any of these outcomes
[53]. Hence, most recent clinical studies have not demonstrated
a change in inflammatory markers with OSA treatment.

The mixed findings above mirror a history of conflicting
data concerning OSA and inflammation. McNicholas et al.
has reviewed the inconsistent literature on OSA and its effects
on CRP level. Shamsuzzaman initially reported that OSA
subjects exhibited higher CRP than BMI-matched matched
controls [54]. However, these findings were questioned as
BMI may not adequately capture the effects of visceral adi-
posity [55] which is more inflammatory, and particularly
prevalent in OSA. Yokoe ef al. showed that CPAP therapy
reduced CRP and IL-6 [56]. On the other hand, four weeks of
CPAP had no measureable impact on hsCRP, IL-6, or IFN-
gamma in men with moderate-severe OSA [57]. Inflammatory
associations with OSA were found to be governed by obesity
in several other cross-sectional studies [58—60]. Adding to
these complexities, one study found that mild OSA was asso-
ciated with both inflammatory and anti-inflammatory cyto-
kine profiles [61]. OSA patients exhibit increased transcrip-
tion factor NF-k 3, TNF-«, and IL-8 in a manner that corre-
lates with the extent of hypoxia during sleep [62]. Pediatric
studies in OSA have showed synergistic effects of obesity and
OSA on CRP [63] as well as improvements in CRP after
resolution of OSA [64]. Potentially, there are patient-specific
or OSA-specific factors that predispose to inflammation and
the subset of individuals susceptible to inflammation in the
setting of OSA has yet to be determined.

3 OSA and inflammation — novel biomarkers

Recent publications have utilized novel biomarkers to screen
for inflammation in OSA patients. In a study of 80 OSA
patients and 40 BMI/age-matched controls, those with OSA
exhibited higher levels of plasma hsCRP, IL-6, and TNF-« in
association with increased carotid intima-media thickness, an
early sign of atherosclerosis [65]. A novel biomarker,
pentraxin-3 was also elevated in the OSA group. Pentraxin 3
is produced in neutrophils, macrophages, smooth muscle and
endothelial cells in response to IL-1 or TNF-o signaling. It has
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been identified as an initiator of the complement cascade [66]
and a surrogate of endothelial dysfunction [67]. A previous
Japanese study reported morning pentraxin-3 levels were
elevated in OSA and reduced by CPAP, a pattern not observed
for hsCRP [68].

Nesfatin-1 is a molecule initially discovered for its role in
central hypothalamic appetite suppression [69]. It was subse-
quently detected in adipocytes and up-regulated by fat inges-
tion [70], extending its role as an adipokine. Intriguing and
diverse functions of Nesfatin-1 continue to emerge. Nesfatin-1
is present in chrondrocytes, where it augments the release of
inflammatory mediators (including IL-8, IL-6, and MIP-1a)
induced by IL-1. In patients with COPD, Nesfatin-1 positively
correlated with serum IL-6, IL-8 and TNF-x [71], although
levels of Nesfatin-1 did not change after treatment with in-
haled corticosteroids. Paradoxically, Nesfatin-1 decreased in-
flammation in rats subjected to traumatic brain injury [72].
Thus, myriad roles of Nesfatin-1 and its implications are still
being investigated. Shen et al. recently examined nesfatin-1
levels in OSA patients and found them to be moderately
reduced in comparison to weight-matched controls without
[73].

Fibrinogen is another biomarker that has been shown to
predict CVD (Cerebrovascular Diseases) in a meta-analysis
[74] [75], reflecting its role in inflammation and/or hyperco-
agulability. Last year, Shamsuzzaman et al. examined fibrin-
ogen levels in 36 men with OSA and 18 controls without
OSA. Fibrinogen was increased in those with severe OSA
compared to those with milder OSA or controls [76]. The
fibrinogen level was related to the AHI, arousal index, and
degree of hypoxemia. To date, the association between OSA
and fibrinogen has been unclear. Basoglu et al. [77] found that
obese subjects with OSA had higher fibrinogen levels, as well
as features of metabolic syndrome and CRP, than obese sub-
jects without OSA. Fibrinogen and whole blood viscosity
increased overnight in patients with OSA, and this phenome-
non was prevented with a single night of CPAP [78]. On the
other hand, several studies show less straightforward results.
Morning fibrinogen was not increased in a study of children
with OSA compared to those without OSA [79]. Two months
of CPAP did not alter nocturnal profiles of fibrinogen [80] but
interestingly decreased other clotting factors. Yet another
study found no acute effect of CPAP on whole blood coagu-
lability, but did show a chronic effect [81]. A recent study
from Poland examined inflammatory markers following
6 months of mandibular advancement therapy for OSA. Au-
thors showed an improvement in the AHI (24 to 7.05), in
association with a reduction in IL-13, D-dimer, and clotting
factors [82].

YKL-40 (also referred to as human cartilage glycoprotein)
is novel marker of inflammation recently examined in OSA.
YKL-40 is secreted by chrondrocytes, lymphocytes, and vas-
cular smooth muscle. It has been shown to increase in the
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setting of acute myocardial infarction [83], diabetes [84],
rheumatoid arthritis [85], and in the serum and airways of
COPD [86]. TKL-40 was increased in Chinese OSA patients
compared to healthy controls [87]. The OSA group had in-
creased blood pressure, HbAlc, lower HDL, higher LDL-C,
and markedly higher YKL-40 levels. Multiple logistic regres-
sion showed that that YKL-40 strongly predicted the presence
of, more so than increments of HbAlc or blood pressure.
Regression analysis also showed a significant relationship
between YKL-40 and AHI. Unexpectedly, the regression
analysis did not identify age, male gender, smoking status,
or BMI as predictors of OSA which may limit the generaliz-
ability of their findings. Another study in Chinese patients
with OSA also showed increased YKL-40 levels [88] and also
noted correlations between YKL-40 and BMI, HOMA-IR,
CRP, and AHI.

G protein coupled receptor (GPR) 120 is a long-chain free
fatty acid (FFA) receptor abundantly expressed in the intestinal
tract. GPR 120 regulates the secretion of digestive hormones
such as glucagon-like peptide-1. GPR 120 is also present in
macrophages where it mediates ant-inflammatory effects and
may protect against metabolic syndrome [89, 90]. The presence
of GPR 120 on leukocytes allows for its detection in the
circulation. Gozal et al. examined the independent effects of
obesity and OSA on monocyte GPR 120 expression, plasma
GPR 120 levels, insulin resistance, lipids, and hsCRP in 226
children [91]. As expected, obesity was independently associ-
ated with a higher lipid profile, insulin resistance, and hsCRP;
OSA also independently increased LDL-C and lowered HDL-
C. In terms of GPR 120, there was a synergistic lowering of
GPR 120 by a combination of obesity and OSA. Furthermore,
GPR 120 correlated significantly with severity of OSA (AHI,
SpO, nadir, and respiratory arousal index) and strongly with
insulin resistance. These findings could implicate GPR 120 as a
common risk factor for metabolic syndrome and OSA, or a
direct interaction between OSA and GPR 120.

Platelets are a potential source of inflammation, since they
contain the enzyme cyclooxygenase (COX) which can be
stimulated to synthesize prostanoids, such as pro-
inflammatory thomoboxane A, [92]. Aspirin is believed to
confer vascular benefits by inhibiting platelet prostanoid re-
lease. Gauiter-Veyret et al. performed studies examining the
role of COX pathways in OSA. They exposed apolipoprotein
E-deficient mice (a model of severe hyperlipidemia, used to
show acceleration of atherosclerosis during intermittent hyp-
oxia [93]) to 8 weeks of intermittent hypoxia (IH). IH in-
creased atherosclerotic plaques in association with increased
COX-1 and thromboxane synthesis expression, while phar-
macologic blockade of COX-1 attenuated the effects of IH
[94]. However, urine 11-dehydroxythromboxane (a metabo-
lite of thromboxane A,) was not increased in patients with
OSA unless they also had underlying cardiovascular risk
factors; and CPAP did not affect 11-dehydroxythromboxane
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levels. COX-1 and COX-2 have also been examined as me-
diators of OSA-induced hypertension. Exposure of humans to
acute IH increased arterial blood pressure ~3 mmHg, but did
not significantly alter signs of COX activity. Pre-treatment
with a COX-2 specific inhibitor attenuated the blood pressure
increase [95].

The platelet-lymphocyte ratio (PLR) is new index being
investigated for risk assessment for acute coronary syndromes
[96]. The PLR is a metric that to combines the inflammatory
potential of platelets, with decreased lymphocytes — a stress
response that may reflect actions of cortisol [97, 98]. As
platelets and lymphocytes are routinely ordered tests, the
PLR is attractive for its incorporation into clinical decision
making. In a recent study of 424 patients ranging from those
with normal breathing to severe OSA, authors noted a dose-
effect of AHI and severity of hypoxia with the PLR [99], and
the prevalence of CVD increased with each quartile of the
PLR.

Vitamin D is a nutrient best known for its role in calcium
metabolism. Recently, vitamin D deficiency has also been
proposed as a risk factor for CVD. Some of the protective
roles of vitamin D have been ascribed to mechanisms includ-
ing stimulation of endothelial nitric oxide production; and
suppression of ROS generation, COX-1 expression, vascular
adhesion molecules, and vascular smooth muscle proliferation
[100]. Kheinrandish-Gozal et al. compared the independent
effects of obesity and OSA on plasma 25-hydroxyvitamin D,
inflammatory markers, and insulin resistance in 176 children
[101]. OSA was independently associated with higher hsCRP
and lipids, and lower vitamin D; correlations were found
between the vitamin D level and hsCRP, BMI, and insulin
resistance. Multiple logistic regression identified a strong
effect of African American race on lower vitamin D levels,
and showed AHI and SpO, nadir to correlate with lower
vitamin D. The relation between vitamin D and OSA is
complex, since low vitamin D levels are influenced by diet
and ethnicity which in turn influence propensity to OSA.

In summary, clinical associations between OSA and in-
flammation remain ambiguous, with some studies showing
elevated inflammatory markers and/or reductions of these
markers after OSA treatment. However, several other studies
found no association between OSA and inflammation, asso-
ciations driven by overlapping effects of obesity, or lack of an
anti-inflammatory effect of CPAP. Complex interactions of
obesity, demographics, severity of OSA, and the homeostasis
between pro/anti-inflammatory pathways may underlie these
inconsistent results.

4 OSA and inflammation: animal/cell studies

In an effort to study the consequences of OSA in a more
mechanistic fashion, animal models of OSA have been

developed. Many of these models expose rodents or cells to
IH simulating this aspect of OSA [30, 102] [103]. The meta-
bolic and inflammatory consequences of IH have been
reviewed in detail [30, 102] and we will focus on recent IH
experiments. It should be emphasized that IH does not fully
recapitulate all the effects of OSA (for example, changes in
intrathoracic pressure, hypercapnia, or sleep loss). Further-
more, the hypoxia induced by such models may not reflect
the actual burden of hypoxia present in human OSA [14] — a
problem that has been recently recognized and addressed in
some animal models of IH [104]. Nevertheless, the data
generated from these IH studies may be useful in understand-
ing effects of tissue hypoxia per se on metabolism.

Adipose tissue can become a source of inflammation in
metabolic disorders, especially in the setting of hypoxia [105,
106]. To examine the role of adipose inflammation in IH-
induced metabolic dysfunction, He et al. exposed rats to
chronic TH (8 weeks, 8 h/day, 30 desaturations/h). Glucose
and insulin levels increased as a function of TH severity. They
also exposed 3 T3-L1 adipocytes cells to graded IH (6 h a day,
8 days) and noted dose-dependent increases in HIF-1 (hypoxia
inducible factor, a master regulator of cellular hypoxic re-
sponses) and Glut-1 mRNA. (Elsewhere, adipose HIF-1 has
also been shown to increase in vivo with chronic IH exposure
[107].) In both rat plasma and in 3 T3-L1 cell extracts, TNF-«,
IL-6 and leptin increased. Authors implicated NF-kB in cyto-
kine changes and suggested that the in vitro inflammation they
observed mediated the insulin resistance they observed
in vivo. Recent landmark studies have demonstrated that ad-
ipose tissue HIF-1 can be potently increased by insulin [108]
and acute fat ingestion, without extracellular hypoxia [109]. It
is therefore possible for the inflammatory effects of HIF-1
activation in adipose tissue to arise secondary to insulin resis-
tance or increased FFA in obesity or OSA. Other pathways for
metabolic dysfunction during IH, independent of adipose
inflammation, have also been recently demonstrated: Shin
et al. showed that glucose intolerance following chronic TH
in mice was abolished by adrenal medullectomy [110] dem-
onstrating the central role the sympathetic nervous system in
altered glucose metabolism. Acutely, changes in glucose me-
tabolism induced by IH can also be inhibited by pharmaco-
logic blockade of alpha-adrenergic signaling [104].

The contribution of white adipose tissue to atherosclerosis
during IH exposure was recently examined by Poulain and
colleagues [111]. They exposed apolipoprotein E-deficient
mice to chronic IH and reported atrophic epididymal adipose
tissue with increased infiltration of macrophages. Following
chronic IH, mice also developed high circulating free fatty
acids (FFA), dyslipidemia and insulin resistance. Adipocytes
exhibited increased IL-6 and TNF-« secretion when incubated
with the lipolytic agonist isoprenaline. Surgical lipectomy of
mice before exposure to chronic IH attenuated aortic athero-
sclerosis and hyperlipidemia. Jun et al. have shown that
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subjects with OSA exhibit increased FFA levels during sleep
[112] which might represent a human correlate of these find-
ings. Drager et al. showed that IH suppresses lipid uptake in
adipose tissues in association with up-regulated angiopoetin-
like protein 4 (Angptl4) levels. Angptl4 is an inhibitor of
lipoprotein lipase, which is responsible for hydrolyzing lipid
droplets, facilitating transfer of triglyceride and FFA from the
circulation into cells. Following chronic IH, apolipoprotein E-
deficient mice developed elevated lipid levels and accelerated
plaque formation, but not if treated with an Angptl4 neutral-
izing antibody [107].

It has been suggested that the I[H of OSA is more inflam-
matory than stable hypoxia, since cycles of hypoxia and
reoxygenation bear a resemblance to ischemia-reperfusion
injury which is well known to promote significant oxidative
stress [31, 113, 114]. IH-induced inflammation in adipose
tissues was examined in vitro by Taylor et al., who exposed
primary human subcutaneous and visceral adipocytes to acute
IH. IH elicited increases in NF-kB binding activity, and this
activity was exponentially increased by concurrent stimula-
tion with TNF-«. Release of IL-8, IL-6, and TNF-« was also
detected in the cellular supernatant, and PCR array revealed
several pro-inflammatory changes at the transcription level.
By contrast, effects of IH in pulmonary endothelium and small
airway epithelium were negligible. These results build upon
work from the same laboratory where IH up-regulated NF-xB
activity in HeLa (cervical cancer) cells [115]. The synergistic
impact of IH and TNF-« at the level of adipocytes offers an
interesting perspective into the interactions of OSA and obe-
sity [116]. Collectively, these studies suggest that IH alters
adipose tissue metabolism to facilitate atherosclerosis. IH may
directly induce inflammation, impair the clearance of lipids
from the circulation, or stimulate excessive lipolysis which
promotes hyperlipidemia [117], insulin resistance and inflam-
mation [118].

The vasculature is another alleged site of IH/OSA-induced
inflammation, and several studies in the last year have ad-
dressed this phenomenon. Zhou et al. showed that after chron-
ic IH, mice exhibited increased vascular oxidative stress,
inflammation and apoptosis [119]. These effects were ampli-
fied in mice lacking metallothionein, a Golgi complex mole-
cule with anti-oxidant functions [120]. A high fat diet was also
shown to amplify the endothelial dysfunction caused by
chronic IH [121]. Anti-inflammatory or antioxidants have also
been examined as therapies for chronic IH. Rats exposed to IH
over 3 weeks developed systemic hypertension and increased
markers of aortic inflammation and oxidative stress. Remark-
ably, the hypertension and inflammation was almost
completely abolished by melatonin, and authors ascribed the-
se findings to the possible hypoxic suppression of pineal
melatonin synthesis [122] and to the anti-oxidant properties
of melatonin [123]. Totoson et al. examined whether cardio-
vascular effects of IH could be prevented by treatment with a
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statin, since these drugs are known to have anti-inflammatory
effects. Atorvastatin attenuated increases in blood pressure,
vascular elastance, carotid intima-media thickness, cardiac
oxidative stress following IH exposure [124].

In the brain, IH is thought to elicit inflammation, contrib-
uting to cognitive and behavioral consequences of OSA. A
recent study exposed rats to two weeks of IH and examined
expression of inflammatory genes (iNOS, TNF-«, IL-1b,
COX-2, IL-6) in the microglia of the cortex, medulla, and
spinal cord at several time points [125]. Dynamic changes in
transcription occurred, with most inflammatory markers in-
creasing over time. Of particular interest, toll-like receptor 4
(TLR4) increased in the cortex and brainstem after chronic IH.
TLRA4 triggers an inflammatory cascade upon binding to lipo-
polysaccharide released from gram negative bacteria. In the
brain, TLR4 has been implicated in several inflammatory and
neurodegenerative disorders [126]. It is not clear how TLR4 is
stimulated in the brain, but authors suggest a process of
“sterile inflammation” citing endogenous ligands released
during IH injury [127].

OSA has been proposed as an aggravator of asthma [128].
For example, treatment of OSA reduced asthma medication
use in children [129]. To explore this relationship further,
Broytman ef al. exposed rats to IH for 30 days while inducing
airway inflammation using a weekly ovalbumin challenge (an
established rodent model of inducing airway hyper-respon-
siveness). Compared to control rats, IH-exposed animals de-
veloped reduced forced expiratory flows and increased forced
vital capacity and total lung capacity, and increased airway
collagen. However, no synergistic interaction of IH with ov-
albumin exposure was observed, apart from a modest increase
in airway monocytes. This study intriguingly suggests that TH
remodels the lungs, a finding which has also been shown in
another study [130]. In vitro, IH exposure of airway epithelial
cell (AEC) and bronchial smooth muscle cell (BSMC) in-
creased the expression of cytokines, growth factors, and ma-
trix metalloproteinases (MMP) [131]. Twenty-four hours of
IH increased expression of MMP-9, MMP-2, 1L-8, and pro
MMP-9 activation. IH also increased platelet-derived growth
factor (PDGF) expression by AECs, and VEGF expression in
BSMCs. Chemotaxis by neutrophils and BSMC were also
found to be increased on exposure to IH.

It is well known that male gender and post-menopausal
status in women are risk factors for OSA [132, 133]. In
addition, the consequences of OSA may differ by gender.
OSA was identified as a risk factor for coronary disease and
heart failure in middle-aged men, but not in older men or in
women of any age [134]; and a Spanish study showed an
increased incidence of cancer in male OSA patients, but not in
females [135]. To determine whether effects of IH are modi-
fied by sex hormones, female mice were exposed to IH for
30 days after undergoing an ovariectomy or a sham surgery
[136]. Following chronic IH, mice with intact ovaries
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exhibited increased levels of IL-6 mRNA in the brain, and
both IL-6 and IL-8 in the heart. Interestingly, the increase was
prevented in ovariectomized animals.

5 Summary and future directions

OSA is a common disorder that has been linked to develop-
ment of CVD and metabolic dysfunction. Several theories
have been proposed to explain this relationship, but they
remain unproven [14]. In Fig. 1, we present a framework for
considering the relationship between OSA, obesity, inflam-
mation, and CVD based on current available evidence.
Whether OSA is itself a cause of CVD via inflammatory
pathways seems plausible and convincing from basic science
studies. However, clinical trials have not been nearly as con-
vincing. Does this inconsistent literature reflect problems of
accurately translating OSA into animal/cell studies, or does it
reflect challenges inherent to the complexity of OSA and its
closely associated risk factors? Further research approaches
are still needed to answer this paramount question.
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