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Abstract

Hypoxia is an important topic both physiologically and clinically. Traditionally, physiology
resear ch has been focusing on the effect of acute and chronic sustained hypoxia and human adaptive
responseto high altitude. In the past 20 years, genetic studies by many have expanded our understanding
of hypoxia to the molecular level. However, in contrast to our extensive knowledge about acute and
chronic sustained hypoxia, we know relatively little about the effect of chronic intermittent hypoxia
(CIH).

In recent years, CIH has attracted more resear ch attention because of the increasing prevalence
of obesity and obstructive sleep apnea (OSA) in the western countries. Clinically, CIH iscommonly seen
in patients with sleep-disordered breathing including OSA, Cheyne-Stokes respiration and nocturnal
hypoventilation. It was estimated that for OSA of at least mild severity prevalence estimates range from
310 28% in the general population. OSA is characterized by recurrent upper airway collapse during
sleep leading to intermittent nocturnal hypoxia and sleep fragmentation. OSA is associated with
significant mortality and morbidity including neurocognitive dysfunction, hypertension, many
cardiovascular disorders and metabolic disorders such as diabetes and metabolic syndrome.

Theintermittent hypoxia in OSA closely mimics what is seen in the ischemia-reperfusion injury.
Experimentally, thereis no universally accepted definition for CIH. Laboratory protocolsvary greatly
in duration of hypoxia exposure, numbers of hypoxia episodes per day and the total number of days of
exposure. Despite thelack of a uniform definition, recent data suggest that CIH may lead to multiple
long-term pathophysiologic consequences similar to what we see in patientswith OSA. Recent evidences
also demonstrate that there are remarkable differences in the response of the physiologic systems to
sustained hypoxia and intermittent hypoxia.

Thisreview isaimed to briefly discuss the clinical significance of sleep-disordered breathing and
our current understanding of CIH.
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Introduction striking growth of research interests in intermittent

Hypoxiaisanimportant topic both physiologically
and clinically. Traditional hypoxia research focused
on the effect of sustained hypoxia and human adaptive
response to high altitude. In recent years, thereis a

hypoxiadueto our increasing awareness of theimportance
of obstructive sleep apnea (OSA).

Recent data suggest that there are remarkable
differencesin the response of the physiologic systems
to sustained hypoxia and intermittent hypoxia (39).
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The fluctuation of oxygen saturation in sleep due to
repetitive upper airway obstruction in OSA closely
mimics what is seen in the hypoxia-reoxygenation or
ischemia-reperfusion injury. The major objectives of
this brief review are to [1] address the clinical im-
portance and pathogenesis of OSA, as well as the
proposed physiologic mechanisms of the OSA-
associated complications, and [2] to review the recent
literature that investigates the intermittent hypoxia-
mediated mechanisms that lead to cardiovascular,
neurocognitive and metabolic derangement.

An Overview of Obstructive Sleep Apnea
Obstructive Seep Apnea: Clinical Sgnificance

Obstructive sleep apnea, characterized by
recurrent upper airway collapse during sleep, can
cause intermittent nocturnal hypoxia and sleep
fragmentation, and is known to be associated with
significant morbidity and mortality (35). In the past
few years, the relationship between OSA and
cardiovascular disorders has become evident. There
is a growing consensus that OSA is an important
independent risk factor for hypertension (36). This
association between OSA and hypertension appears
to be present even at the mild end of the OSA severity
spectrum. It also appears that OSA increases other
cardiovascular morbidities and mortality as well.
Multiple studies have demonstrated that approximately
50% of all congestive heart failure patients have
sleep-disordered breathing, including both OSA and
Cheyne-Stokes respiration (17, 25). A recent study
has also estimated that 50% of the patients with atrial
fibrillation may have OSA (19). Furthermore, OSA is
associated with coronary artery disease, pulmonary
hypertension, stroke, and white matter ischemia (49).

In addition to the cardiovascular morbidities,
patients with OSA frequently have impaired
neurocognitive function, poor health-related quality
of life, and metabolic dysfunction such as insulin
resistance, type 2 diabetes, or metabolic syndrome.
Clinically, it is also common to see symptoms of other
organ systems, including gastroesophageal reflux,
headaches, depression, insomnia, psychosomatic
complaints, nocturia, and sexual dysfunctionin patients
with OSA. It has been known for many years that
patients with moderate to severe OSA could have up
to 7-fold increase of motor vehicle accidents (18).
Their spouses or bed partners frequently suffer from
snoring-induced environmental insomnia. Table 1
summarizes the common clinical manifestations
associated with OSA.

Despite its irrefutable significance, OSA is
unfortunately grossly under-appreciated by physicians
and patients. It was projected in the early nineties that

Tablel. Common clinical manifestations associated
with OSA

Cardiovascular manifestations

» Systemic hypertension

« Congestive Heart Failure (systolic and diastolic
dysfunction)

« Coronary Artery Disease

Arrhythmias

Pulmonary hypertension

» Stroke

Neuropsychiatric manifestations

» Depression

« Insomnia and/or excessive daytime somnolence

» Cognitive and neurobehavior abnormalities: Impair-
ment of concentration, perception, memory, perfor-
mance and learning

Attention deficit hyperactive disorder (ADHD)

» Headaches

M etabolic manifestations

» Glucose intolerance and insulin resistance
* Type 2 Diabetes Méllitus

» Metabolic syndrome

Other manifestations

* Gastroesophageal reflux

 Genitourinary: Nocturia and sexua dysfunction

» Toxemia (preeclampsia/ecclampsia) during pregnancy

up to 85% of the patients with OSA in the United
States were undiagnosed and thus untreated (51, 56).
Of the adult population in the United States, it was
estimated that at least 2 to 5% have OSA associated
with significant sleepiness. It was also projected that
for OSA of at least mild severity with apnea-hypopnea
index (AHI) = 5, prevalence estimates ranged from 3
to 28% in the general population. For OSA of at least
moderate severity with AHI = 15, prevalence estimates
may be in the range of 1 to 14% (56). The occurrence
of OSA appears to increase steadily with age in
midlife and is highly prevalent in those over 65 years
of age (57). A recent study from China estimated that
when AHI = 5 was taken as the cut-point, the
prevalence of OSA was 20.4% among Chinese. After
excessive daytime sleepiness (defined as Epworth
sleepiness scale = 9) was added as part of the criteria
for OSA, the conservatively estimated prevalence of
OSA was 3.6%. It appears that similar to the western
society, OSA is also a great burden to public health
among Chinese (22).

The cost implications of OSA when |eft untreated
are immense. These costs include those associated
with occupational injuries, motor vehicle crashes,
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reduced work productivity and comorbidity (4). Sassani
et al. have recently assessed the costs associated with
OSA-related motor vehicle collisions and concluded
that the cost in year 2000 in the United States was
approximately $15.9 billion U.S. dollars (48). The
economic burden of occupational consequences is
currently unknown, but is likely to be substantial as
well. Another recent study demonstrates that treatment
with continuous positive airway pressure (CPAP)
reverses the trend of increasing healthcare utilization
seen prior to diagnosis (1).

Obstructive Seep Apnea: Therapy

Currently, nasal CPAP is considered the therapy
of choice in the treatment of moderate to severe OSA
(29). CPAP, by applying a positive pressure in the
upper airway, providesa“ pneumatic splint” to prevent
upper airway collapse during sleep. The CPAP level
required for treatment of OSA patientstypically varies
from 5to 20 cmH,0O. Unfortunately, poor compliance
to CPAP is not uncommon in patients with OSA.
Multiple studies have suggested that long term
adherence to CPAP therapy was achieved only in
approximately 60% patients.

Aslong as reasonable CPAP compliance can be
attained, CPAP is effective in improving many of the
complications associated with OSA, including
neurocognitive function, daytime sleepiness, perfor-
mance, and certain cardiovascular outcomes (3, 5, 7).
CPAP therapy has been shown to decrease systemic
blood pressure in average by up to 10 mmHg and
pulmonary pressure by 5 mmHg (3, 5). CPAP also
appears to improve congestive heart failure and
arrhythmias. Marin et al. recently published their 10-
year observation in men with severe OSA and found
untreated severe OSA significantly increases the risk
of fatal and non-fatal cardiovascular events and CPAP
therapy appears to reduce this risk. There are also
evidences that CPAP treated subjects may decrease
their motor vehicle accidents to normal (32).

However, despiteimprovement of many outcomes
in the majority of patients, some patients continue to
have residual sleepiness despite CPAP therapy. The
mechanisms of thisresidual sleepinessin treated sleep
apnea are not well-defined, but animal studies suggest
that intermittent hypoxiamay lead to both neural injury
and neurobehavioral impairments (20).

Other treatment options include oral appliances,
upper airway surgery, weight loss (in overweight
patients) and positional therapy (in patients with
predominantly supine-related apnea). Pharmacological
therapy has not been successful and isfrequently limited
by side effects. Mild OSA patients may be treated
with oral appliances which reposition and advance
the mandible, and thus increase the cross-sectional

dimension of the upper airway (16). Upper airway
surgery may also be considered in selected OSA patients
or in patients with moderate to severe OSA for whom
positive airway pressure therapy fails (10).

Obstructive Seep Apnea: Pathophysiologic Consequences

The recurrent collapse of the upper airway during
sleep in OSA patients leads to four major immediate
pathophysiological changes, including [1] hypoxia-
reoxygenation, [2] hypercapnia, [3] frequent arousals
resulting in fragmentation of sleep architecture, and
[4] large negativeinspiratory deflection of intrathoracic
pressure. Invery severe OSA cases, respiratory events
and arousals can occur at a frequency of over 120 per
hour with oxygen desaturation to the range of 50-60%.

The cardiovascular, neurocognitive and metabolic
consequences of these changes can be profound.
However, since intermittent hypoxia, hypercapnia,
exaggerated negativeintrathoracic pressure and arousals
all occur throughout sleep in patients with OSA, it is
difficult to sort out the relative contribution and
significance of each component on clinical basis. Table
2 summarizes the pathophysiological consequences
observed in human subjects with OSA and animal
experiments.

I. Cardiovascular Pathophysiologic Consequences of OSA

The precise mechanisms of cardiovascular
complicationsin OSA have not been well-elucidated,
but are certainly complex with involvement of multiple
pathophysioliogical pathways (Figure 1) (26).
Potential mechanisms may include increased oxidative
stress, enhanced systemic inflammation, endothelial
dysfunction, sympathoexcitation, renin-angiotensin
system activation, and metabolic dysregulation as the
results of either CIH or frequent arousals or both.
Increased fibrinogen, coagul ation, platel et aggregation,
blood viscosity, and hematocrit can contribute to
atherosclerosisand clot formation in patients with OSA
(26, 28).

Studies have consistently shown that patients
with OSA have high levels of sympathetic activity.
During sleep, intermittent hypoxia, hypercapnia and
arousal's act through chemoreceptor reflexes and other
mechanisms to increase sympathetic drive. This
elevated sympathetic activity is present even during
daytime wakefulness. It has been shown that hypoxemia
isan important stimulus for sympathoexcitation, with
larger oxygen desaturation causing greater increase
in sympathetic activity. It has also been demonstrated
that CPAP therapy decreases muscle sympathetic nerve
activity in OSA patients (33). This activation of
sympathetic system is believed to be a major link
between OSA and cardiovascular morbidities.
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Table 2. The pathophysiologic consequences of OSA and/or inter mittent hypoxia

A. Cardiovascular Sequelae
* Increased sympathetic activity
* Increased oxidative stress

* Increased inflammatory response (Elevated CRP, NF-kB, TNF-a , IL-8, IL-6, and EPO)

L]

system)
* Increased coagulation (fibrinogen)
* Increased platelet aggregation
* Increased blood viscosity

B. Neurocognitive Sequelae
* Increased oxidative stress

Endothelial dysfunction (Increased big ET-1 or ET-1, reduced nitric oxide level, and activation of renin-angiotensin

* Increased neuronal apoptosis within the cortex and CA1 region of the hippocampus

* Increased COX-2 protein and gene expression

C. Metabloic Sequelae
 Activation of the sympathetic system

* Increased release of adipocyte-derived inflammatory mediators (IL-6, TNF-a, leptin)
 Activation of hypothalamus-pituitary-adrenal axis (? Increased cortisol)

D. Other Sequelae

» Reduced upper airway muscle endurance and impaired pharyngeal dilator EMG responses to physiological stimula-

tion

Sleep Apnea-Hypopnea and Atherosclerosis
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Fig. 1. Proposed mechanisms by which seep-disordered breath-
ing may cause or contribute to progression of
atherosclerosis. ('DO2, oxygen delivery; CBF, coronary
blood flow.) (Originally published in Javaheri: Heart
failure and dleep apnea: Emphasison practical therapeu-
tic options. Clin. Chest Med. 24: 207- 222, 2003, and
reproduced by permission from Elsevier.)

In addition to the increased sympathetic tone,
recent data demonstrate that OSA is characterized by
an inflammatory response. Shamsuzzaman et al. found
that patients with OSA have elevated levels of plasma
C-reactive protein (CRP) which is a clinical marker

of inflammation (49). In multivariate analysis, CRP
level swereindependently associated with OSA severity.
Several other studies also confirmed thisfinding. Both
intermittent hypoxia and frequent sleep disruption may
contribute to the elevation of CRP (9, 12).
Furthermore, many studies have demonstrated
increased TNF-a, interleukin-6 (IL-6), interleukin-8
(IL-8), and intercellular adhesion molecule-1 (ICAM-
1) in OSA patients and their fall with CPAP therapy.
Ryan et al. recently studied circulating Nuclear Factor
kappa B (NF-kB) dependent genes in patients with
OSA and found that TNF-a levels were higher in
OSA patients than controls. They confirmed that
CPAP therapy lowered TNF-a levels. Another NF-
kB dependent cytokine, IL-8, showed similar changes
between groups and after CPAP therapy, but a range
of other inflammatory mediators, including IL-1, IL-
6, IL-10 and IL-12, showed no differences (47).
Impaired systemic endothelial function has been
observed in patients with OSA. Ip et al. demonstrated
circulating nitric oxide (NO) is suppressed in OSA,
and thisis promptly reversible with the use of CPAP.
The findings offer support for NO being one of the
mediators involved in the acute hemodynamic
regulation and long-term vascular remodeling in OSA
(23). Several studies have assessed plasmaendothelin-
1 (ET-1) level but revealed conflicting results. A
more recent study suggests that the endothelin (ET)
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precursor, big ET-1, was considerably elevated in
untreated OSA patients and dropped to normal values
after long-term CPAP depending on compliance, yet
ET-1 concentrations remained within the normal range
and did not change with CPAP (27)

I1. Neurocognitive Pathophysiol ogic Consequences of OSA

The clinical neurocognitive manifestations of
OSA include excessive daytime sleepiness, personality
and psychosocial maladjustment, and impairment of
thinking, concentration, perception, performance,
memory, communication, or the ability to learn. It
has been suggested that reductions in general
intellectual measures and executive and psychomotor
tasks are primarily attributable to the severity of
hypoxemia, whereas other attention and memory
deficits may be induced by sleep deprivation and
fragmentation (6). Poceta et al. demonstrated both
respiratory arousals and degree of hypoxemia
contribute interactively to the inability to maintain
wakefulness in patients with OSA (37).

Beebe and Gozal recently proposed the
“Prefrontal Model” which is a conceptual framework
for the relationship between sleep disruption and
intermittent nocturnal hypoxia and cognitive and
neurobehavior dysfunction. This model postulates
that OSA-related sleep disruption, intermittent
hypoxemia and hypercarbia alter the efficacy of
restorative processes occurring during sleep, and
disrupt the cellular and chemical homeostasis and
neuronal and glial viability within particular brain
regions. Subsequent dysfunction of prefrontal cortical
regions alters the functional recruitment of more
primary cognitive abilities, thereby resulting in
mal adaptive daytime behaviors (8).

I11. Metabolic Pathophysiol ogic Consequences of OSA

The relationship between sleep-disordered
breathing and diabetes is a very complex one. Over
the past few years, there is a rapidly growing body of
literature that implicates OSA in the pathogenesis of
altered glucose metabolism. OSA has been found to
be associated with insulin resistance independent of
obesity, with greater severity of OSA associated with
worse insulin resistance (24, 40). Since insulin
resistance is generally considered as a “pre-diabetic
state”, it was proposed that OSA may predispose to
development of type 2 diabetes mellitus independent
of obesity. Conversely, diabetes has been suspected
as causal in the development of sleep-disordered
breathing aswell. An analysisfound that people with
diabetes had more episodes of periodic breathing than
those without diabetes (43). It has been proposed that
autonomic dysfunction and/or other mechanisms

Central Adiposity g Sleep-disordered Breathing
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Fig. 2. Intermediate pathways linking sleep apnea, glucose
intolerance, insulin resistance, and Type 2 diabetes
mellitus. (Originally published in Punjabi and Polotskym:
Disordersof glucose metabolisminseepapnea. J. Appl.
Physiol. 99: 1998-2007, 2005, and reproduced by per-
mission of the American Physiological Society)

including inflammatory processes can possibly lead
to breathing instability seen in sleep-disordered
breathing.

Reichmuth et al. recently found that there was a
greater prevalence of diabetesin subjectswithincreasing
levels of OSA. A total of 14.7% of subjects with an
AHI of 15 or more had adiagnosis of diabetes compared
with 2.8% of subjects with an AHI of lessthan 5 (42).
On the other hand, using the Berlin questionnaire and
oximetry, West and colleagues estimate that OSA is
highly prevalent in men with type 2 diabetes and most
are undiagnosed (55). Moreover, Coughlin and his
associates have demonstrated that OSA isindependently
associated with an increase in the cardiovascular risk
factors that comprise the metabolic syndrome and its
overall prevalence (15).

Pathophysiologically, scientific literature
suggests intermittent hypoxia and repetitive arousals
may trigger a cascade of physiological events through
autonomic activation, release of potent adipocyte-
derived proinflammatory mediators such asIL-6, TNF-
o, and leptin, and possibly alterationsin hypothalamus-
pituitary-adrenal (HPA) axis (Figure 2) (41). Punjabi
and Polotsky recently published an extensive review
delineating the pathophysiologic relationship between
OSA and altered of glucose metabolism (41).

It is known that activation of the sympathetic
system influence glucose homeostasis by increasing
muscle glycogenolysis and hepatic gluconeogenesis.
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Several studies also demonstrated sympathetic
activation promotes lipolysis and rel ease of free fatty
acids which can induce insulin resistance. In addition,
IL-6, TNF-a, and leptin are three adipocyte-derived
factors which contribute to glucose metabolic
abnormalities. Recent data suggest TNF-a antagonizes
insulin action and contributes to insulin resistance.
Serum IL-6 level also correlateswith insulin resistance.
Leptin level isincreased in OSA patients and decreases
with CPAPtherapy independent of body weight changes.
Leptin resistance in OSA may predisposeto alternation
of glucose metabolism. Lastly, sleep deprivation is
known to lead to increase of plasma cortisol level which
can cause glucose intolerance. Although sleep
fragmentation is physiologically different from sleep
deprivation, preliminary evidence seems to suggest
sleep fragmentation may lead to increased cortisol
and HPA hyperactivity in patients with OSA (41).

I ntermittent Hypoxia
Intermittent Hypoxia: Definition

Experimentally, the effect of intermittent
hypoxia can be tested. Many animal models have
been developed to study the effects of CIH on avariety
of outcomes. Currently, thereisno universal definition
on intermittent hypoxia. Intermittent hypoxia is
generally accepted as “repetitive hypoxiainterspersed
with episodes of normoxia’ (34). Laboratory protocols
vary greatly in duration of hypoxia exposure, numbers
of hypoxia episodes per day and the total number of
days of exposure. Although more sophisticated models
are available, in the majority of studies utilizing rodent
models of intermittent hypoxia expose rodents to
hypoxia of fixed duration (typically in the range of
30-120 seconds) throughout the sleeping or light phase
and maintain normoxia during the active or dark
phase.

Intermittent Hypoxia: Pathophysiologic Mechanisms

Despite the lack of a more precise criterion of
CIH, experimental data demonstrate that CIH lead to
multiple cardiovascul ar, neurocognitive, and metabolic
pathophysiological abnormalities. In addition, CIH
has been shown to cause upper airway muscle
dysfunction.

I. Mechanisms of Intermittent Hypoxia-Mediated
Cardiovascular Sequelae

Oxidative stress is a well-known mechanism for
cell injury. The repetitive hypoxia-reoxygenation
in OSA resembleswhat isseenintheischemia-reperfusion
injury. It hasbeen established that hypoxia-reoxygenation

or ischemia-reperfusion promotes the formation of
reactive oxygen species which activate critical redox-
sensitive signaling pathways and transcription factors.
This facilitates the expression of genes that encode
proteins essential for adaptive response to hypoxia
and inflammatory pathways. Accordingly, inflammation
will lead to activation of endothelial cells, leukocytes
and platelets. These activated cellsthen expressadhesion
molecules and proinflammatory cytokines that further
cause endothelial cell injury and dysfunction (30).
It is known that sustained hypoxiais associated
with the activation of a ubiquitous adaptive response
mediated by the transcription factor hypoxia-inducible
factor-1 (HIF-1). HIF-1 can result in increased
expression of a number of genes encoding proteins
such as erythropoietin (EPO), vascular endothelial
growth factor (VEGF), and inducible nitric oxide
synthase (iNOS). Such factors are important in
mediating the adaptive response to hypoxia by
increasing tissue perfusion and oxygenation and hence
overcoming theinitial hypoxic insult. However, it was
uncertain if hypoxiaof intermittent nature brings about
similar molecular changes asin sustained hypoxia (46).
Ryan et al. recently demonstrated that HeL acells
exposed to intermittent hypoxiademonstrated selective
activation of the proinflammatory transcription factor
NFkB, whereas the adaptive regulator HIF-1 was not
activated. These changes would account for the
selective activation of the inflammatory pathway over
the adaptive pathway in intermittent hypoxia compared
with sustained hypoxia (46). They also showed higher
circulating TNF-a levels in OSA patients than in
control subjects which normalized with CPAP therapy.
In contrast, EPO level swere similar throughout. These
data suggest selective activation of inflammatory
pathways in intermittent hypoxia and OSA may be
very important in the molecular pathogenesis of
endothelial dysfunction and cardiovascular diseases
(Figure 3). Thisfinding could possibly be extrapol ated
to other disorders associated with intermittent hypoxia
such as Cheyne-Stokes respiration and chronic
respiratory disorders including chronic obstructive
pulmonary disease. It is certainly plausible that CIH
in these disorders may activate the inflammatory
pathways and contribute to adverse outcomes.

II. Mechanisms of Intermittent Hypoxia-Mediated
Neurocognitive Deficits

The research group of David Gozal has con-
tributed greatly to our understanding of CIH-associated
neurocognitive and behavior deficits. Gozal et al.
demonstrated that intermittent hypoxia is associated
with transient disruption of sleep architecture followed
by normalization of sleep patternsin rats. However,
after 14 days of CIH, learning impairments during
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Fig. 3. Molecular responsesto normaoxia, sustained hypoxia, and intermittent hypoxia. A, In normoxia, about 90% of available oxygen
is consumed by mitochondria, leaving sufficient oxygen for HIF-1 degradation. B, In sustained hypoxia, the mitochondria
consumesamost al the O,, and rapid stabilization of HIF-1 occurs, which leads to increased transcription (arrow) of genes such
asEPO. C, Inintermittent hypoxia, the extent of hypoxiais not sufficient to allow HIF-1 stabilization; however, possibly through
mitochondrial stress, it results in the activation of NFKB with the downstream consequences of production of inflammatory
mediators such as TNF-a. (Originally published in Ryan, Taylor, and McNicholas: Selective activation of inflammatory
pathways by intermittent hypoxiain obstructive sleep apnea syndrome. Circulation 112: 2660-2667, 2005, and reproduced by

permission)

acquisition of a spatial memory task (Morris water
maze experiments) occurred and were only partially
reversed after 14 days of recovery. Anatomical cor-
relates for such decreases in behavioral maze per-
formance show time-dependent increases in apoptosis
within the cortex and CA1 region of the hippocampus.
This study provide support for the concept that
intermittent hypoxia during sleep is associated with
substantial deterioration of behavioral performance
and with parallel disruption of the anatomical substrate
(20).

It has been previously shown that brain tissue
contains a large amount of polyunsaturated fatty acids
and is highly susceptible to oxidative reactions such
as lipid peroxidation. In addition, oxidative stress
has been associated with aging-related behavioral
impairments on spatial learning tasks in the rodent.
Gozal and hiscolleaguesthusinvestigated the mol ecul ar
mechanisms of ClIH-associated neurobehavior deficits
and hypothesized that oxidative stress is a significant
contributing factor to the behavior impairment and
cellular injury associated with intermittent hypoxia.
They demonstrated that intermittent hypoxiais as-
sociated with significant increasesin lipid peroxidation
and oxidant stressin brain tissue, and that administration
of the antioxidant, PNU-101033E, attenuatesthe spatial
learning deficitsassociated with exposuretointermittent
hypoxia (45). These findings support the postulate
that oxidative stress contributesto the cellular damage
and consequent behavioral impairments associated with

severe forms of sleep-disordered breathing.

Another hypothesis was that cyclooxygenase-2
(COX-2) induction may beinvolved in hypoxia-induced
neuronal loss. COX-2 is present in selected brain
neurons, and its expression is known to be upregulated
in neurological diseases, including Alzheimer’ sdisease
andischemic braininjury such asstroke. COX-2 activity
also appears to play a critical role in neuronal cell
injury and death, and the administration of selective
COX-2 inhibitors attenuates ischemic brain injury.
Gozal's group thereby investigated the role of COX-
2 in CIH-induced learning deficit. They found that
intermittent hypoxia was associated with increased
COX-2 protein and gene expression from Day 1 to
Day 14 of exposurein rats (31). CIH-induced COX-
2 upregulation wasfound to be associated with neuronal
apoptosisand neurobehavioral deficits. Administration
of NS-398 abolished CIH-induced apoptosis without
modifying COX-2 mRNA expression. No changeswere
found in COX-1 gene expression. It thus seems that
COX-2 may play a role in intermittent hypoxia-
mediated neurobehavioral deficits.

Zhan et al. hypothesized that CIH exposure
modeling the oxygenation patterns of moderate-severe
OSA in adult mice may result in lasting hyper-
somnolence and could be associated with nitration
and oxidation injuries in specific brain regions. They
were able to demonstrate that two weeks after recovery
from intermittent hypoxia exposures, wild-type mice
showed increased iNOS activity in representative
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wake-active regions. Inhibition of INOS after inter-
mittent hypoxia in wild-type mice was effective in
reversing the proinflammatory gene response (58).
These data support a critical role for INOS activity in
the development of ClH-related impairments, lipid
peroxidation, and proinflammatory responsesin wake-
active brain regions, and suggest a potential role for
inducible NO inhibition in protection from proin-
flammatory responses, oxidative injury, and residual
hypersomnolence in OSA.

The relationship between sleep disorders and
attention deficit hyperactivity disorder (ADHD) in
children has been extensively studied in recent years
(13, 14). Neurocognitive deficits, such as learning
impairments and an increased incidence of hyperactivity
in children, particularly male children, comprise one
of the primary morbidities associated with pediatric
OSA (54). Gozal’sresearch team thus hypothesized
that exposure to intermittent hypoxia throughout the
vulnerable ages would result in increased behavioral
impairmentsin the juvenilerat. Their data suggest rat
pups exposed to intermittent hypoxia displayed
significant spatial learning impairments, and exposed
male rats (but not female rats) displayed increased
locomotor activity in the open field. These findings
indicate that exposure to intermittent hypoxia during
acritical period of neuronal vulnerability at an age
that corresponds to the peak incidence of OSA in
children induces substantial |earning impairment and
gender-dependent behavioral hyperactivity in the
juvenilerat (21, 44).

1. Mechanism of Intermittent Hypoxia-Mediated
Metabolic Abnormalities

Previous studies demonstrated sustained hypoxia
exposure did not cause insulin resistance and resulted
in adecrease in fasting blood glucose and unchanged
glucose tolerance. Polotsky et al. have shown that
obese mice exposed to intermittent hypoxia for 12
weeks developed atime-dependent increase in fasting
serum insulin level s and worsening glucose tol erance,
consistent with an increase in insulin resistance. This
response was only evident in the obese leptin-deficient
mice suggesting that disruption of leptin pathways
may be important for intermittent hypoxia-mediated
alterations in glucose metabolism (38). This study
suggests that the intermittent nature of hypoxia is
critical in the development of insulin resistance.

In the central regulation level, Volgin and Kubin
recently tested whether CIH similar to that seen in
OSA leads to distinct and relevant for metabolic
regulation transcriptional changes in the posterior
hypothalamus in arodent model. They found that rats
exposed to CIH for 35 days had twice higher levels of
the adrenergic alpha2A receptor mRNA than the

matching sham control. The increases occurred only
in the perifornical region. Their results show that, at
least at the transcriptional level, CIH exerts a distinct
and regionally selective central effect on the
expression of selected mRNAs involved in metabolic
regulation through adrenergic, leptinergic and
inflammatory pathways (53).

IV. Other Intermittent Hypoxia-Mediated Changes:
Upper Airway Muscle Dysfunction

It is well known that the repetitive collapse of
the upper airway during sleep in patients with OSA is
the result of a sleep-related decrement in upper airway
muscle activity with consequent failure of the
pharyngeal dilator muscles to oppose the collapsing
pressure generated by the respiratory muscles during
inspiration. Until recently, little is known about the
effects of episodic hypoxia on upper airway muscle
function.

Bradford et al. recently demonstrated that
intermittent hypoxia reduces upper airway muscle
endurance and selectively impairs pharyngeal dilator
EMG responses to physiological stimulation. They
speculate that intermittent hypoxiais responsible for
the progression of OSA through impairment of the
neural control systems that regulate upper airway
patency. A vicious cycle of hypoxic insult and further
airway obstruction that chronically exacerbates and
perpetuates OSA is then established. Their study
provides evidence that chronic intermittent hypoxia
contributes to the pathophysiology of sleep-disordered
breathing (11).

Summary

Much has been learned about the pathogenesis,
pathophysiology, molecular mechanisms, clinical
diagnosis and management of OSA over the past
decade. We now have clear evidences that OSA isa
major and widely prevalent clinical disorder. Given
the worsening of obesity pandemic, OSA will only
become more important in the foreseeable future.
Pathophysiologically, OSA causes intermittent
nocturnal hypoxia, hypercarbia, sleep fragmentation
and exaggerated negative intrathoracic pressure swing.
These physiological changes can further lead to
cardiovascular, metabolic and neurocognitive
morbidities and mortality.

Intermittent hypoxia apparently plays a major
role in causing many of the abnormalities associated
with OSA. Intermittent hypoxia-induced systemic and
cellular responses are different from what we seein
sustained hypoxia. Regrettably, compared with what
we know about acute and chronic sustained hypoxia,
our understanding about intermittent hypoxia remains
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fairly limited. More animal researches are needed to
delineate the complex molecular mechanismsinvolved
in intermittent hypoxia and to address many of the
unanswered questions.
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