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Abstract
Sleep is not only an essential physiological function, but also serves important roles in promoting
growth, maturation, and overall health of children and adolescents. There is increasing interest
regarding the impact of sleep and its disorders on the regulation of inflammatory processes and
end-organ morbidities, particularly in the context of metabolic and cardiovascular diseases (CVD)
and their complications. Obstructive sleep apnea syndrome (OSAS) is an increasingly common
health problem in children, and in the last decade, the emergence of increasing obesity rates has
further led to remarkable increases in the prevalence of OSAS, along with more prominent
neurocognitive, behavioral, cardiovascular and metabolic morbidities. Although the underlying
mechanisms leading to OSAS-induced morbidities are likely multi-factorial, and remain to be
fully elucidated, activation of inflammatory pathways by OSAS has emerged as an important
pathophysiological component of the end-organ injury associated with this disorder. To this effect,
it would appear that OSAS could be viewed as a chronic, low-grade inflammatory disorder.
Furthermore, the concurrent presence of obesity and OSAS poses a theoretically increased risk of
OSAS-related complications. In this review, we will critically review the current state of research
regarding the impact of insufficient and disrupted sleep and OSAS on the immune processes and
inflammatory pathways that underlie childhood OSAS as a distinctive systemic inflammatory
condition in children, and will explore potential interactions between OSAS and obesity.
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1. Introduction
Sleep is a fundamental process in both mammalian and non-mammalian biology. Although
the exact function and purpose of sleep remains somewhat elusive, investigation on the
effects of sleep deprivation, disrupted sleep, or curtailed sleep on health and disease states
has greatly expanded in the last 3 decades, a great deal of unknowns remain in this field.
There is no doubt however, that sleep, similar to physical activity and diet, serves as an
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important regulator of somatic growth, maturation, and health in children. One obvious
corollary of such important role lies in the increased sleep needs that accompany the process
of child development since birth till the completion of adolescence.

Since the introduction of modern communications and technological advancements in the
last half century, the daily lives and habits of children and their families have dramatically
changed, and accordingly, such remarkable changes have markedly impacted innumerable
facets of child development. Among other factors, such changes likely contributed to the
rising rates of obesity in the pediatric population (Ievers-Landis and Redline, 2007; Must
and Parisi, 2009). Indeed, a progressive decline in sleep duration that has been paralleled by
a dramatic increase in prevalence of obesity at any age has been the basis for increasing
speculation upon their potential interrelationships (Cappuccio et al., 2008; Chen et al., 2008;
Flint et al., 2007; Horne, 2008; Nielsen et al., 2011; Patel and Redline, 2004). Considering
the proposed role of sleep in hormonal circadian release, insulin release, and end-organ
insulin sensitivity, as well as other aspects of cardiovascular function, sleep curtailment or
disruption could impose a serious health burden. The impact of sleep loss on metabolic
homeostasis has been explored in adults by Van Cauter and her group (Van Cauter et al.,
2007; Van Cauter et al., 2004; Van Cauter et al., 2008), but similar studies in children are
largely unavailable. Careful studies in healthy young adult volunteers have shown that
experimental sleep restriction in a laboratory setting is associated with a dysregulation of the
neuroendocrine control of appetite consistent with increased hunger, and also with
alterations in certain parameters of glucose tolerance suggestive of an increased risk for
diabetes. Community-based data from otherwise healthy children suggest that sleep duration
and variability constitute important determinants for occurrence of weight problems, and
increased metabolic risk (Spruyt et al., 2011). Lately, increasingly more studies have
focused on sleep duration of the child, as well as on the factors determining sleep duration,
i.e., media, sleep environment, school start times, parental sleep-wake patterns, and so forth.
Parenting style and likely family composition potentially shape household habits and
behavioral routines, including sleep (Chassin et al., 2005). For instance, when U.S.
preschoolers were exposed to 3 household routines, namely evening meals as a family for
more than 5 nights per week, sleeping ≥10.5 hours/night on weekdays, and ≤2 hours/day
television, video or other screen-viewing behaviors, the prevalence of obesity in children
decreased with 40% when compared to children in whom no such routines were
implemented (Anderson and Whitaker, 2010). Therefore, sleep duration and regularity
emerge as important determinants of obesogenic behaviors in children, as well as the risk for
cardiovascular and metabolic risk.

Inflammation is an essential immune response that enables survival during infection or
injury, and maintains tissue homeostasis under a variety of harmful conditions (Medzhitov,
2010). Inflammatory processes come at the cost of transient declines in tissue function, and
can contribute to the pathogenesis of disease, since cellular and tissue injury may ensue as a
by-product of the inflammatory response. In recent years, evidence has accumulated to
implication to activation and propagation of inflammatory pathways in the context of
insufficient or disturbed sleep. Since the pioneering studies of Rechtschaffen and colleagues
(Benca et al., 1989; Rechtschaffen and Bergmann, 2001), conclusive evidence has shown
that sleep deprivation imposes major adverse effects on the ability to overcome infection, on
host defense mechanisms, and on the magnitude and characteristics of the inflammatory
response (Castanon-Cervantes et al., 2010; Everson and Toth, 2000; Imeri and Opp, 2009;
Kapsimalis et al., 2008; Krueger et al., 2011; Lange et al., 2010; Zielinski and Krueger,
2011). Similarly, disruption of sleep integrity, as specifically occurs in obstructive sleep
apnea syndrome (OSAS) can also elicit significant inflammatory responses (Bixler, 2009;
Bradley and Floras, 2009; Farre et al., 2008; Gozal, 2009a; Gozal et al., 2008a).
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OSAS is characterized by episodes of repeated prolonged periods of increased upper airway
resistance culminating in partial or complete intermittent obstruction of the upper airway
during sleep and accompanied by intermittent snoring, repetitive hypoxemic and
hypercapnic events and repeated arousals, the latter leading to sleep fragmentation. Similar
to adults with OSAS, children with OSAS will experience substantial alterations in gas
exchange and increased arousals, albeit generally to a lesser extent (Goh et al., 2000; Grigg-
Damberger et al., 2007; Lopes and Marcus, 2007; Tauman et al., 2004b). These
physiological alterations are presumed to lead to increased generation of reactive oxygen
species and systemic inflammatory responses that appear to be related with hypoxia-re-
oxygenation events (Leuenberger et al., 1995; Suzuki et al., 2006; Wang et al., 2010), and
consequently to be mechanistically involved in the acceleration and propagation of end-
organ injury, such as atherogenesis (Kheirandish-Gozal et al., 2010a; Lavie and Lavie, 2009;
Lavie and Polotsky, 2009; Pack and Gislason, 2009), metabolic (Gozal et al., 2008a;
Khalyfa et al., 2011a), and neurocognitive and behavioral disturbances (Ali et al., 1993;
Chervin et al., 2002; Chervin et al., 1997; Gozal, 1998; Gozal et al., 2007b; Marcotte et al.,
1998; Owens et al., 2000). Furthermore, evidence from our laboratory has suggested that
delays in the treatment of pediatric OSAS may lead to irreversible declines in cognitive
function, as exemplified by reduced or failing academic performance (Gozal and Pope,
2001). Of equally significant concern is the emerging evidence that cardiovascular
morbidity has now been conclusively reported in children with OSAS (Bhattacharjee et al.,
2009). Several studies support an association between pediatric OSAS and endothelial
dysfunction (Gozal et al., 2007c), as a marker of subclinical cardiovascular disease
(Kheirandish-Gozal et al., 2010b; Kheirandish-Gozal et al., 2006; Kim et al., 2009, 2010;
Kim et al., 2011), and a potential common pathway linking endothelial dysfunction and
cognitive outcomes has also been proposed (Gozal et al., 2010). Furthermore, evidence of
systemic hypertension and left ventricular remodeling and dysfunction has now been
consistently reported (Amin et al., 2008; Amin et al., 2004; Amin et al., 2005; Guilleminault
et al., 2004a; Leung et al., 2006; Marcus et al., 1998; McConnell et al., 2009), along with an
increased risk for pulmonary hypertension (Sofer et al., 1988; Tal et al., 1988). While the
specific mechanisms attributable to the induction of cardiovascular morbidity in the context
of childhood OSAS are not fully understood, several injury-mediated pathways are likely
operational (Gozal and Kheirandish-Gozal, 2008; Lavie and Lavie, 2009). Notwithstanding,
parallel to the extensive evidence thus far collected in adult patients with OSAS (Arnardottir
et al., 2009), it has become apparent that pediatric OSAS mediates the induction of several
inflammatory cascades, which are central to the initiation and progression of end-organ
morbidity (Calvin and Somers, 2009; Gozal et al., 2008a; Ryan et al., 2009).

In this paper, we will review our current understanding on the impact of insufficient/
disrupted sleep and that of OSAS on immune processes and inflammatory pathways. We
will also describe the evidence that supports the current view, whereby childhood OSAS
emerges as a distinctive systemic inflammatory condition in children. Finally, we will
describe the potential interactions between OSAS and obesity in children.

2. Sleep and Inflammatory Response
A reciprocal relationship between sleep and the immune system appears to be present.
Indeed, sleep modulates the immune system function, and conversely activation of the
immune system and production of inflammatory cytokines will affect sleep. However,
whether or not specific sleep phenomena participate in active and selective immune system
regulation is still under scrutiny and debate. In spite of the extensive diversity of
inflammatory pathways, inflammation is essentially an adaptive response to noxious
conditions to maintain body homeostasis (Iwasaki and Medzhitov, 2010; Medzhitov, 2010).
Both beneficial and detrimental aspects of inflammation can be explained from this
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perspective. A family of critical immunomodulators, i.e., cytokines, has been extensively
studied both with respect to their role and effects on host responses to infection, but have
also received substantial attention regarding their roles as potential regulators of
physiological sleep (Imeri and Opp, 2009; Opp, 2009; Ranjbaran et al., 2007).

The acute phase response refers to rapid and early activation of an immune cascade in
response to injury or infection. One of the major components of the innate immune system is
represented by the toll-like receptors (TLRs), a class of pattern recognition receptors that
recognizes molecular patterns of self and non-self elements, are expressed on tissue-resident
macrophages, and induce the production of inflammatory cytokines (e.g. TNF-α, IL-1, IL-6)
and chemokines (e.g. CCL2 and CXCL8), as well as prostaglandins (Medzhitov, 2010;
Pecchi et al., 2009). These pathways are classically activated by the outer LPS component of
bacterial cell membranes (Rosenfeld and Shai, 2006). However, sleep deprivation alone can
lead to stimulation of the TLR pathways, and induce cytokine production. A recent study
demonstrated that following a night of sleep loss, LPS activation of TLR-4 was greater than
following a night of uninterrupted sleep (Irwin et al., 2006).

NF-kB, an important transcription factor underlying activation and regulation of
inflammatory pathways, is involved in the transcription of more than 200 genes, including
those responsible for the production of cytokines and inflammatory markers (Brasier, 2006;
Perkins, 2007). Similarly, NF-kB binding domains have been found in the promoter regions
of the genes of many somnogenic substances, such as adenosine A1 receptors,
cyclooxygenase-2 (Cox-2), and nitric oxide synthase (NOS) (Krueger et al., 2001). Sleep
deprivation, even mild, can induce the activation and translocation of NF-kB in specific
brain regions associated with sleep regulation (Basheer et al., 2001; Brandt et al., 2004;
Chen et al., 1999; Kuo et al.; Ramesh et al., 2007), which in turn elicits localized
inflammatory responses (Irwin et al., 2008). Conversely, the list of cytokines and
chemokines that have been studied in laboratory animals or human subjects and
demonstrated to affect sleep is quite extensive, and includes IL-1α, IL-1 β, IL-2, IL-4, IL-6,
IL-8, I-10, IL-13, IL-15, IL-18, TNF-α, TNF-β, IFN-α, IFN-β, IFN-β and macrophage
inhibitory protein 1b (Imeri and Opp, 2009; Vgontzas et al., 2006). Of these, the most
extensively studied inflammatory cytokines in sleep regulation are IL-1β and TNF- α
(Ranjbaran et al., 2007; Takahashi et al., 1999; Vgontzas et al., 1997). Even though most
cytokines were first discovered in peripheral immune system, several cytokines and their
receptors have now been shown to be present in the CNS, and to localize to specific cell
types or brain regions (Allan and Rothwell, 2001; Eriksson et al., 2000). The CNS detects
activation of peripheral immune system through cytokine-induced stimulation of the vagus
nerve, through cytokine actions within circumventricular organs, and through active
transport of cytokines from the periphery into the CNS (Dantzer et al., 2008). In addition, a
role for prostaglandins in the interactions and cross talk regarding inflammatory processes
between the periphery and the CNS has emerged (Engblom et al., 2003). However,
cytokines are also synthesized de novo and released in the CNS by both neurons (Breder et
al., 1988; Ignatowski et al., 1997; Marz et al., 1998) and glia (Garden and Moller, 2006). It
has been shown that injection of IL-1 and TNF-α in animal models increases the amount of
time spent in NREM sleep. Further, blocking the effect of either of these two substances
inhibits both spontaneous sleep and the sleep rebound that normally occurs after sleep
deprivation (Krueger, 2008). It is likely that these 2 important cytokines exhibit
interdependent effects on sleep, as shown by using a TNF receptor (TNFRF) and a IL-1
receptor fragments (IL-1RF) (Takahashi et al., 1999). Not surprisingly, the systemic levels
of TNF-α have been linked to the fatigue and excessive sleepiness seen in patients with
rheumatoid arthritis as well as in OSAS patients (Franklin, 1999; Khalyfa et al., 2011b;
Vgontzas et al., 1997). Another important cytokine associated with the immune system and
sleep behaviors is IL-6. In one study, human volunteers were given IL-6 parenterally, at a
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dose sufficient to reach levels associated with systemic infection. After 6.5 h, IL-6 elicited
significant subjective fatigue and resulted in a marked increase in C-reactive protein (CRP)
compared to placebo. There was also a significant suppression of REM sleep, and while
total SWS time was similar to the placebo group, SWS time did significantly decrease
during the first half of the sleep period and increase during the second half (Spath-Schwalbe
et al., 1998). Interestingly, other inflammatory cytokines levels did not increase after
injection of IL-6, suggesting that IL-6 is specifically relevant to alterations in sleep patterns
(Ranjbaran et al., 2007).

Even though there is increased interest regarding the association between insufficient sleep
or disturbed sleep with inflammation, a number of factors including assay sensitivity,
individual difference of subject, basal level of inflammation, stress and physical activity
prior to sampling should be considered to interpret results. Given this link between pro-
inflammatory cytokines, host immune function and the sleep-wake cycle, it is likely that
sleep disruption, similar to sleep curtailment, plays a significant role in immune-mediated
inflammatory cascades that ultimately contribute to the phenotype of diseases such as
obesity and obstructive sleep apnea, which are the focus of this review. These inflammatory
response signatures are of particular interest because they may accompany many diseases of
modern times as seen in highly industrialized countries, including metabolic syndrome, type
2 diabetes and atherosclerosis.

3. Sleep Loss, Inflammation, and Obesity in Children (Figure 1)
Obesity is becoming a global epidemic in both adults and children and is associated with an
increased risk of morbidity and mortality as well as reduced life expectancy (Poirier et al.,
2006). Moreover, childhood obesity is a serious and progressively increasing public health
problem that has reached epidemic proportions in the United States where it
disproportionately affects low-income and minority children (Ogden et al., 2006). It is now
well accepted that the physiological disturbances associated with obesity contribute to a
chronic state of low-grade systemic inflammation, and that these derangements occur not
only in adults but have also been shown to occur in children (Ford, 2003; Ford et al., 2001;
Schwarzenberg and Sinaiko, 2006). Extrapolation of data from a large cohort of children
using the database from the National Health and Nutrition Examination Survey has shown
that BMI was the best predictor of elevated CRP, and that this association did not differ
significantly by age, gender or race (Ford, 2003; Ford et al., 2005; Ford et al., 2001).

Obesity leads to a change in an individual's metabolic profile and the accumulation of
adipose tissue, which is composed of connective tissue, adipocytes, and the subcutaneous
vascular fraction (SVF), the latter containing cells of multiple lineages, such as endothelial
cells, adipocyte progenitors, T cell lymphocytes, and macrophages. Obesity provokes
structural and metabolic alterations in other organs, including skeletal muscle and liver
(Ouchi et al., 2011). Indeed, obesity is closely linked to fat storage in liver, and is nowadays
considered as a major risk factor for the development of fatty liver disease. The incidence of
nonalcoholic fatty liver disorders (NAFLDs) and obesity are therefore intimately linked
(Farrell and Larter, 2006). The amount of fat stored in liver is determined by the balance
between fatty acid uptake, endogenous fatty acid synthesis, triglyceride synthesis, fatty acid
oxidation, and triglyceride export. Changes in any of these parameters can affect the amount
of fat stored in liver. Adipose tissue produces a host of chemokines, also termed adipokines,
with well-described effects on metabolism and inflammation. Resistin, adiponectin, leptin,
and monocyte chemoattractant protein-1 (MCP-1) are among a group of secreted proteins
from adipose tissue which exhibit immunomodulatory functions (Yu and Ginsberg, 2005).
The production and secretion of these adipokines is altered during obesity, resulting in a
more pro-inflammatory or atherogenic secretion profile. Indeed, whereas secretion of

Kim et al. Page 5

Respir Physiol Neurobiol. Author manuscript; available in PMC 2012 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MCP-1, resistin, and other pro-inflammatory cytokines is increased by obesity, the adipose
secretion of the anti-inflammatory protein adiponectin is decreased (Kadowaki and
Yamauchi, 2005). Although increased visceral fat depots and adipocyte hypertrophy have
been linked to a higher degree of adipose inflammation (Jernas et al., 2006; Matsuzawa,
2006), until recently the exact pathways leading to a pro-inflammatory state of adipose
tissue in obese individuals remained unidentified. Indeed, in recent years much attention has
been diverted to the role of macrophages. Adipocyte-infiltrated macrophages (ATMs),
which as mentioned above, are integrally part of the SVF of adipose tissue, are responsible
upon activation for the production and release of a wide variety of pro-inflammatory
proteins including MCP-1, TNF-α, and IL-6. The development of insulin resistance in
adipocytes was closely linked to the infiltration of macrophages (Gustafson, 2010;
Suganami and Ogawa, 2010). In addition, alterations in the balance of adipose tissue SVF T
cell lymphocyte populations and their effects on inflammatory processes impose unique
changes that ultimately lead to adipocyte proliferation and insulin resistance (Feuerer et al.,
2009; Matarese et al.; Strissel et al.; Winer et al., 2009; Zeyda et al.).

The effects of sleep on weight regulation, insulin sensitivity, and adipose tissue homeostasis
are only now being intensively investigated. Evidence to the important role of circadian
genes on metabolism and obesity has recently emerged (Bass and Takahashi, 2010;
Marcheva et al.; Turek et al., 2005). In addition, a number of mechanisms, including
alterations in hormones that regulate appetite and thus affect caloric intake have also been
implicated (Leproult and Van Cauter; Van Cauter et al., 2007; Van Cauter et al., 2008). For
example, sleep restriction promotes the release of orexigenic peptides such as ghrelin while
reducing leptin plasma levels (Leproult and Van Cauter, 2010; Nedeltcheva et al., 2009).
Leptin plays a key role in the modulation of inflammation as well as in the regulation of
energy intake and expenditure (Dardeno et al., 2010; Lago et al., 2008). As mentioned
above, both sleep loss and sleep disturbances are associated with obesity and contribute to a
chronic state of low-grade systemic inflammation. These derangements occur not only in
adults but have also been shown to occur in children (Schwarzenberg and Sinaiko, 2006). In
a randomized cross-over clinical study in a highly controlled laboratory setting, sleep
restriction was associated with decreased leptin and increased ghrelin levels. These changes
will lead to a concomitant increase in hunger and appetite, increased insulin resistance, and
accumulation of fat and decreased carbohydrate metabolism (Spiegel et al., 2004). In
agreement with the physiological responses to reduced sleep duration, several studies have
demonstrated an association between sleep duration and the risk to develop childhood
overweight and obesity (Chaput et al., 2006) and that short sleep duration is positively
associated with obesity in preschool children (Jiang et al., 2009). Taken together, sleep has
emerged as a modifiable risk factor for the prevention and treatment of obesity in childhood
(Monasta et al., 2010; Must et al., 2009). However, it may be that other factors related to
sleep, rather than sleep duration alone may play a role. Indeed, a recent study showed that
the presence of high variability in bedtimes and in sleep duration in 4-10 year-old children
was a significant and independent risk factor for obesity in addition to short sleep duration
(Spruyt et al., 2011). Furthermore, objectively measured sleep duration and variability in
these children also revealed significant associations with altered fasting insulin, low-density
lipoprotein, and high-sensitivity CRP plasma levels (Spruyt et al., 2011). These findings
suggest that educational campaigns, aimed at families and the public in general, and
promoting longer and more-regular sleep routines may promote a reduction in obesity rates,
as well as improve the risk for metabolic and cardiovascular dysfunction in school-aged
children (Spruyt et al., 2011).

In the context of OSAS, plasma adipokine concentrations were assessed in 130 children
undergoing nocturnal polysomnography (Tauman et al., 2007b). In addition to the
anticipated association between the degree of obesity and circulating leptin levels, the
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presence of co-morbid OSAS was independently associated with leptin levels (Tauman et
al., 2007b). We should emphasize that although these findings have been subsequently
reproduced in other cohorts, whereby there were adverse OSAS-associated effects on the
major adipokines, including leptin, ghrelin, and adiponectin (Kelly et al., 2010; Nakra et al.,
2008; Tsaoussoglou et al., 2010), not all studies have yielded similar results (Li et al., 2010).
Hence, the systemic inflammatory responses associated with obesity that seem to promote
metabolic derangements may begin as early as infancy, and the presence of co-morbid
OSAS is likely to amplify this risk in children. Further studies will be needed to replicate
and expand on these assumptions and findings in the future.

4. Cardiovascular morbidity in the context of pediatric OSAS (Figure 2)
OSAS exposes the cardiovascular system to intermittent hypoxia and increased recurring
negative intrathoracic pressures, as well as to episodic arousals, all of which can trigger
increased sympathetic hyperactivity, ultimately leading to elevated systemic blood pressure.
In addition, OSAS can elicit endothelial dysfunction that will synergistically interact with
the increased tonic and reactive sympathetic tone to further exacerbate the burden on the
cardiovascular system, and ultimately lead to increased morbidity in both in adults and
children (Bhattacharjee et al., 2009). The exact mechanisms behind this cardiovascular
dysfunction remain uncertain, but activation of inflammatory pathways and reactive oxygen
species (ROS) have been proposed and shown to play critical roles (Gozal, 2009b). Indeed,
OSAS has been shown to promote atherosclerosis via the formation and release of cytokines
including IL-1, IL-6, TNF-α, and other adipokines from adipose tissues and circulating
inflammatory cell (Lavie and Lavie, 2009; Vgontzas, 2008). Similarly, oxidative stress via
the increased formation and release of hydrogen peroxide, ROS and reactive nitrogen
species, as well as activation of NADPH oxidase will occur, and induce cellular damage in
pertinent end-organs such as endothelial cells. Increased inflammation will further the
production and release of acute phase reactants such as CRP from the liver, which in turn
will induce substantial endothelial dysfunction (Venugopal et al., 2005), possibly via
oxidative stress (Devaraj et al., 2009), and either directly or indirectly reduce the
bioavailability of nitric oxide (Hein et al., 2009; Valleggi et al., 2010). All these events will
promote increased expression of adhesion molecules leading to expansion and propagation
of the inflammatory nidus, activation, transformation and trans-vessel migration of
monocytes to become foam cells, while inducing increased apoptosis of endothelial cells,
and activation of platelets and other pro-coagulant factors (Gozal, 2009b). Support for this
model is strongly endorsed by the findings originating from numerous studies in both adult
and children. Indeed, raised levels of circulating pro-inflammatory cytokines, chemokines
and adhesion molecules have been consistently reported in patients with OSAS when
compared with matched controls, with treatment leading to the anticipated improvements in
such measures. However, as in many other fields, not all findings are homogeneous and
some studies have failed to confirm the changes in this cytokine or another. Indeed, in a
recent review by Ryan and colleagues (Ryan et al., 2009) earlier studies that suggested the
presence of increased IL-6 levels in adult patients with OSAS (Ciftci et al., 2004; Vgontzas
et al., 1997; Yokoe et al., 2003), were not substantiated later on (Ryan et al., 2006).
However, the Cleveland Family Study showed an independent association between the
soluble IL-6 receptor and the severity of OSAS parameters (Mehra et al., 2006). In addition,
Gozal and colleagues showed in a group of children aged 4–9 years who were
polysomnographically diagnosed with OSAS that IL-6 plasma levels were higher and IL-10
plasma levels were lower than in age, gender, ethnicity, and BMI matched controls, and that
these levels returned to normal values within 4–6 months after adenotonsillectomy (Gozal et
al., 2008b).
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The available data on the correlation between TNF-α circulating levels and OSAS appear
more compelling. It is now well established that this pro-inflammatory cytokine is involved
in atherosclerosis by inducing the expression of cellular adhesion molecules that mediate the
leukocyte adhesion to the vascular endothelium (Kritchevsky et al., 2005). Several case-
controlled studies have demonstrated elevated circulating TNF-α concentration in adult
patients with OSAS, independent of obesity, and have also shown a significant fall in this
cytokine with effective CPAP therapy (Ciftci et al., 2004; McNicholas, 2009; Minoguchi et
al., 2004; Ryan et al., 2006). However, not all adults with OSAS display increased TNF-α
plasma concentration, a finding that is accounted for by the variance in specific
polymorphisms within the TNF-α gene (Bhushan et al., 2009; Riha, 2009; Riha et al., 2005).
Both T cells and monocytes have been suggested as a potential source of TNF-α and other
pro-inflammatory cytokines. Gozal and Kheirandish-Gozal (Gozal and Kheirandish-Gozal,
2008) proposed the monocyte as the cardinal cellular target affected by the constitutive
alterations in OSAS. In this model, activation of monocytes will initiate a complex
biological cascade that will ultimately promote increased proliferation of smooth muscle in
the vessel wall, macrophage migration through the disrupted endothelium into the vessel
wall, and foam cell formation (Gozal, 2009b; Gozal and Kheirandish-Gozal, 2008).
Similarly and likely in parallel to monocyte recruitment, Dyugovskaya and colleagues have
elucidated some of the T-cell lymphocyte-dependent inflammatory mechanisms activated by
OSAS in adult patients (Dyugovskaya et al., 2005a; Dyugovskaya et al., 2005b). In this
context, recurrent hypoxemia will induce specific cytokine secretion through T-cell
lymphocyte activation, and the profile of such cytokine network is remarkably similar to
those involved in atherogenesis. Phenotypic alterations in CD4+ and CD8+ T cells of OSAS
patients were reported to undergo a shift from Th1 to Th2 cytokine production, with
subsequent reductions in IL-4 expression. Furthermore, IL-10 expression was negatively
correlated with the severity of OSAS, whereas TNF-α correlated positively with OSAS
severity measures. In addition, CD8+ T cells of patients with OSAS exhibited marked
increases in TNF-α and soluble CD40 ligand, and were particularly cytotoxic against
endothelial cells. Interestingly, these inflammatory changes were reversed by treatment with
CPAP (Dyugovskaya et al., 2005a; Dyugovskaya et al., 2002, 2003, 2005b). In children, the
data implicating TNF-α induction in OSAS are somewhat conflicting. Indeed, the levels of
specific pro-inflammatory cytokines have either been normal or elevated across several
cohorts (Tam et al., 2006; Waters et al., 2007). However, it is likely that many of these
differences pertain to methodological issues in sampling techniques, as well as be due to
differences in genetic and environmental factors (Bhattacharjee et al., 2009). A large
prospective study from our laboratory which included 298 children, showed that morning
levels of TNF-α were increased in the presence of OSAS, particularly in the more severe
cases, and that these levels decreased after adenotonsillectomy (Gozal et al, 2010).
Furthermore, TNF-α levels were strongly associated with the degree of respiratory-induced
sleep fragmentation (Gozal et al., 2010). More recently, Khalyfa and colleagues assessed the
genomic variance in the TNF-α, gene in children and found that TNF-α levels were
increased in a subset of children with OSAS, particularly among those harboring the TNF-α
-308G single nucleotide polymorphism (Khalyfa et al., 2011b).

Another prototypic marker of inflammation, CRP, is not only an acute-phase protein
produced by the liver in response to IL-6, but its serum concentrations reflect the degree of
the inflammatory response, and also provide reliable risk estimates of atherogenesis
(Morrow and Ridker, 2000; Ridker, 2001; Ridker et al., 2000). CRP can be found in the
atherosclerotic lesions, more specifically in the vascular intima layer, where it co-localizes
with monocytes, monocyte-derived macrophages and lipoproteins (Lusis, 2000). This
localization makes a direct contribution of CRP to the atherosclerotic process highly likely
(Li et al., 2008). Increased levels of CRP have been found in both adults (Can et al., 2006;
Chung et al., 2007; Kageyama et al., 2006) and children with OSAS (Larkin et al., 2005; Li
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et al., 2008; Tauman et al., 2004a; Tauman et al., 2007a), with actual reduction of these
levels after treatment (Kageyama et al., 2006; Kheirandish-Gozal et al., 2006; Li et al.,
2008). Recently Goldbart and colleagues showed a high CRP level and N-terminal pro-B-
type natriuretic peptide, a marker of ventricular strain, in children with OSAS, and these
levels returned to normal after treatment with adenotonsillectomy (Goldbart et al., 2010).
However, as previously indicated for other biomarkers of inflammation, not all studies in
adults (Barcelo et al., 2004; Guilleminault et al., 2004b) or in children (Kaditis et al., 2005;
Tam et al., 2006) confirmed the putative association between CRP levels and OSAS
severity. It is possible that the strong relationship between CRP levels and obesity (Visser et
al., 1999) may have influenced some studies in which the populations being investigated
may have not been optimally matched for BMI (McNicholas, 2009; Ryan et al., 2009).

5. Inflammation, and Neurocognitive Morbidity In The Context Of Pediatric
OSAS

Another important end-organ adversely affected by OSAS is the neuronal and cognitive
system. Since Kales et al (Kales et al., 1985) and Findley et al (Findley et al., 1986) first
highlighted the presence of neuropsychological abnormalities in humans with sleep apnea,
researchers have attempted to identify mechanisms underlying this morbidity. However, we
should remark that the most prominent deleterious effects of OSAS have been described in
children (Beebe and Gozal, 2002; Beebe et al., 2003; Gozal and Kheirandish-Gozal, 2007;
Key et al., 2009; Kheirandish and Gozal, 2006). Indeed, the cumulative conclusions derived
from studies in adults with OSAS have not been as definitive when compared to the overall
evidence derived from pediatric studies (Kohler et al., 2010). Of note the differential and
enhanced susceptibility of the developing brain to intermittent hypoxia during sleep has
been previously demonstrated in a rat model (Gozal E, et al, 2001b). The scope of
neurocognitive dysfunction in children with OSAS is rather vast and encompasses attention
deficit and hyperactivity disorder (ADHD)-like behaviors, learning problems, memory and
intelligence deficits, behavioral disorders and excessive daytime sleepiness (Chervin et al.,
2005; Gozal, 2008; Gozal and Kheirandish-Gozal, 2009; Gozal et al., 2001b; O'Brien et al.,
2003; O'Brien et al., 2004; Ravid et al., 2009; Visser et al., 1999). Experimental work in
rodent spanning the last decade has shed substantial light on some of putative mechanisms
of cognitive deficits in OSAS. The 2 major pathophysiological systems implicated in these
processes have included activation of inflammatory pathways and the excessive formation
and accumulation of free radicals leading to oxidative stress (Gozal, 2009b; Gozal et al.,
2002; Ramanathan et al., 2005; Shan et al., 2007; Xu et al., 2004). Indeed, we initially
showed that exposures to intermittent hypoxia (IH) in the absence of sleep deprivation
during the sleep period induced marked increases in cell apoptosis in the hippocampal and
cortical regions along with persistent impaired performance of a cognitive spatial task in rats
(Gozal et al., 2001a), and that similar consequences emerged in developing rat pups, albeit
with long-term consequences (Kheirandish et al., 2005a; Row et al., 2002). Row and
colleagues further showed that administration of the electron spin trapper antioxidant
PNU-10133E to rats exposed to intermittent hypoxia was associated with attenuated
increases in cortical tissue concentrations of malondialdehyde, a marker of oxidative stress,
and isoprostane, a marker of lipid peroxidation, with parallel ameliorations in performance
in the water maze (Gozal, 2009b; Row et al., 2002). Subsequent work further implicated
additional inflammatory pathways, such as cyclooxygenase 2 (Li et al., 2003), inducible
NOS (Li et al., 2004), platelet activating factor (Row et al., 2004), as well as regulators of
intracellular reactive oxygen species (Xu et al., 2004). Apolipoprotein E (ApoE) is a
lipoprotein synthesized by the liver and brain, which is involved in cholesterol deposition
and transport, and has emerged as a major factor for Alzheimer's disease (Laws et al., 2003).
Accordingly, Kheirandish and colleagues exposed mice deficient in ApoE to intermittent
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hypoxia during sleep for 14 days of intermittent hypoxia (Kheirandish et al., 2005b). ApoE
null mice were not only markedly susceptible to this OSAS-like paradigm, but also
demonstrated significantly greater increases in markers of oxidative stress and inflammatory
response (Kheirandish et al., 2005). Of note, an increase in cognitive susceptibility to OSAS
has been reported in children harboring the ApoEε4 allele (Gozal et al., 2007a), further
buttressing the validity of rodent-based OSAS models in the exploration of mechanistic
insights of OSAS morbidity.

As indicated above, mild OSAS in adults is unlikely to be associated with significant
cognitive impairments. In contrast, mild sleep apnea in children is associated with cognitive
impairments similar to those observed in adult moderate or severe sleep apnea (Lim and
Veasey, 2010). Furthermore, substantial variance emerges in the magnitude of cognitive
impairments among children with OSAS of similar severity (Fauroux et al., 2008). In this
context, the potential importance of the inflammatory response was recently shown by Gozal
and colleagues (Gozal et al., 2007b) by comparing 205 snoring children and 73 non-snoring
controls. The snoring children were divided into those with and those without OSAS based
on their polysomnographic findings. Both CRP levels and platelet counts were significantly
higher in OSAS, and more specifically in those with neurocognitive dysfunction. Thus, the
level of systemic inflammation, as evidenced by the serum levels of CRP, appears to be
associated with the cognitive morbidity that accompanies this condition, and that the
magnitude of systemic inflammatory response to the presence of sleep disruption could be a
major determinant of end-organ injury.

In closing, we should emphasize that activation of inflammatory pathways most likely
reflects the recruitment of multiple lineages of inflammatory cells and is undoubtedly
associated with increased cytokine production. Krueger and colleagues have extensively
explored the physiologic role of cytokines such as TNF- α, IL-6, IL-β1 and many others, and
coined them as “Sleep Regulatory Substances” for their uniquely important roles in the
regulation of sleep (Krueger, 2008; Krueger et al., 2001). Furthermore, alterations in
circadian clock through forced desynchronization routines (i.e., housing mice in 20-h light/
dark cycles), results in cognitive deficits, accelerated weight gain and obesity, as well as in
metabolic hormonal changes (Karatsoreos et al., 2011). These findings emphasize the
complexity of the pathways linking sleep, sleep disorders, and inflammatory processes.

6. Summary
Considering the close association between sleep, the immune system, and inflammation, it is
not surprising that sleep disturbances can initiate or exacerbate inflammatory conditions.
While the cause and effect relationship(s) between sleep problems and chronic inflammatory
conditions remain to be fully delineated, sleep curtailment or perturbations of sleep need to
be viewed as important factors modulating the phenotype of multiple chronic inflammatory
diseases, and conversely, that inflammatory process may impose fundamental effects on
sleep regulation and integrity. Accordingly, the clear homologies in end-organ morbidities
and inflammatory pathway recruitment in the context of obesity and OSAS further suggest
that many of such consequences reflect in fact, the critical interactions between sleep and the
immune system. Disrupted or insufficient sleep will promote up-regulation of pro-
inflammatory signaling pathways, particularly those mediated through TLRs and NF-κB,
and also induce metabolically active adipokines, ultimately leading to increased expression
of for example pro-atherogenic factors, or of neuronal dysfunction (Gozal et al., 2008a).
When such processes begin to develop at a very early stage of life, i.e., during infancy or
early childhood, the concern is not only because of their immediate short-term
consequences, but rather because of their epigenetic lifelong effects.
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Figure 1.
Interaction of insufficient or fragmented sleep and obesity in activating inflammatory
pathways leading to increased risk of CVD.
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Figure 2.
Schematic diagram underlying inflammatory pathways associated with obesity and
obstructive sleep apnea syndrome that may lead to increased cardiovascular disease risk in
children.
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